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Abstract
The decline and degradation of oak savanna and woodland communities throughout the
Mid-South underscores the need to develop management techniques capable of their efficient
and successful restoration. Therefore, my objectives for this work were to document plant
community response to variations in canopy disturbance level, fire seasonality, and herbicide
control of hardwood midstories. In Chapter One, I provide a thorough review of the current body
of knowledge concerning open-oak communities and their restoration, with specific focus on
herbaceous and woody plant response to canopy disturbance, fire, and herbicide midstory
management. Chapter Two details the response of herbaceous and woody vegetation to
variations in canopy disturbance level and fire-season during a replicated experiment in
Tennessee. I conclude that higher canopy disturbance levels and fire application positively
impacted restoration goals with increases in herbaceous groundcover, richness, and diversity.
Limited differences among the fire-season treatments were observed, with similar, prolific
resprouting of mesophytic oak competitor species following both fire-season treatments. I
suggest exploration into burn timings that will limit this resprouting such as earlier fall or spring
fires, to accelerate the restoration timeframe. Chapter Three addresses herbaceous and woody
vegetation response to woody midstory herbicide treatments. Herbicide treatments reduced the
cover and density of woody plants more than fire alone, and included reductions of larger size
classes that were unaffected by fire. Herbicide applications were most effective following late
growing-season fire. These reductions occurred without harming desirable understory
herbaceous vegetation, and increased graminoid cover within heavy canopy disturbance and
growing-season fire treatments. Herbicide treatments cost $193.61ha-1. Incorporating the
valuable lessons learned through this research will improve the efficiency of future restoration
attempts and result in the return of healthy and sustainable oak savannas and woodlands in the
Mid-South.
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I. INTRODUCTION AND LITERATURE REVIEW

1

Background
Lightning-induced fires shaped the development of vegetation communities for millions
of years prior to the arrival of humans in what is now the Mid-Southern United States (Komarek,
1974, Van Lear and Waldrop, 1989), resulting in the evolution of individual species completely
dependent on fire for reproduction (Zoebel, 1969) and the coevolution of entire plant
communities with such disturbance regimes (Komarek, 1965). The arrival of Native Americans
in the Mid-South some 10,000 to 14,000 years ago dramatically increased the prevalence of fire
(Keel, 1976; Buxton and Crutchfield, 1985; Lesser, 1993; Delcourt et al., 1998), as aboriginals
used fire for hunting, wildlife habitat improvements, warfare, land clearing, and to reduce the
risk of dangerous fires (Hudson, 1982; Van Lear and Waldrop, 1989; Elliot et al., 1999). In 1632,
colonist Thomas Morton wrote that Native Americans “are accustomed to set fire of the Country
in all places where they come, and to burne it twize, in the year, vis: as the Spring and fall of the
leafe...” (Bromley, 1935). These high natural and anthropogenic fire frequencies led to the
development and maintenance of the well-known pine-grasslands of the Southeast, but almost
certainly their influence extended into adjacent hardwood regions and created broad ecotones
between prairie and forest (Komarek 1965, 1974). As a result, fire tolerant species such as oaks
(Quercus spp.) were common (Whitney, 1994) and open, fire-maintained oak savannas and
woodlands dominated the transitional zone between the prairies of the west and the deciduous
forests of the east (Nuzzo, 1986). Frequent fire stimulated a lush growth of understory
herbaceous plants while reducing woody plant encroachment, thus helping to develop and
maintain vast tracts of oak savannas and woodlands in the Mid-South (Hulbert, 1986; Abrams,
1992).
Cronon (1983) eloquently captured a common misconception in stating, “It is tempting to
believe that when the Europeans arrived in the New World they confronted Virgin Land, the
Forest Primeval, a wilderness which had existed for eons uninfluenced by human hands. Nothing
could be farther from the truth.” Captain John Smith recorded that the forests surrounding
Jamestown, Virginia, were such that “a man may gallop a horse amongst these woods any waie,
but where the creeks and Rivers shall hinder” (Williams, 1989). On an expedition along the
Potomac in 1633, Andrew White commented that the forest was “not choked with an
undergrowth of brambles and bushes, but as if laid out by hand in a manner so open, that you
2

might freely drive a four horse chariot in the midst of the trees” (Williams, 1989). Long hunters
exploring present day Tennessee and Kentucky described abundant herds of bison (Bison bison)
and elk (Cervus elaphus) (DeSelm, 1994). The presence of these large grazers and reported
abundance of greater prairie chickens (Tympanuchus cupido) (Nelson, 1985) indicated the
presence of open grasslands and savannas in the Mid-South prior to European settlement. A
report concerning a road built through the Cumberland Mountains in 1783 supports this
conclusion, stating, "The top of the mountain is described as being then a vast upland prairie
covered with the most luxuriant growth of native grasses, pastured over as far as the eye could
see, with numerous herds of deer, elk, and buffalo…" (Ramsey, 1853). Other reports described
the “Big Barrens” of Kentucky and Tennessee as open grasslands with large scattered overstory
trees (McInteer, 1952).
Oaks including, bur (Q. macrocarpa), black (Q. veluntina), white (Q. alba), northern pin
(Q. ellipsoidalis), post (Q. stellata), and blackjack (Q. marilandica) dominated the overstories of
these fire-mediated systems (Abrams, 1992). Modern investigators have generally defined oak
savannas physiognomically as areas of scattered overstory oaks at a low enough density to allow
for the development of a rich, diverse ground layer of grasses, forbs, and legumes (Bray, 1960;
Nelson, 1985; Nuzzo, 1986; Faber-Langendoen, 2001; Nelson, 2002). Curtis (1959) clarified his
definition as a plant community where trees are a component but their density is such that
grasses and other herbaceous vegetation actually dominate the community. Oak savannas and
woodlands naturally exhibited fluctuations of woody encroachment, and together formed a
continuum between grassland and forest communities (Reich and Peterson, 2001). They existed
as an ever-shifting mosaic dependent on interactions between fire, climate, topography, soils, and
herbivory (Gleason, 1922).
More specific definitions have varied by region and investigator (Leach and Ross, 1995;
Nelson, 2002). Often included within definitions of oak savannas and woodlands are references
to canopy cover, tree density, the number of vegetation layers, species composition within those
layers, and other community characteristics (Faber-Langendoen, 2001; Nelson, 2002). Historical
definitions for oak savanna that contain canopy cover stipulations have consistently included a
10% minimum (Bray, 1960; White and Madany, 1978; Nelson, 1985; Taft, 1997; FaberLangendoen, 2001; Nelson, 2002), but vary greatly in the upper level of canopy cover that is
3

acceptably an oak savanna (25% - Faber-Langendoen, 2001; 50% - Nelson, 1985; Curtis, 1959;
60% - Bray, 1960; 70% - Taft, 1997; 80% - White and Madany, 1978; 100% - Anderson, 1982).
Nuzzo (1986) addressed these discrepancies by stating that canopy cover alone is insufficient to
separate savanna from prairie or forest, and later investigators have gone as far as completely
disregarding canopy cover restrictions within oak savanna definitions (Leach and Givnish,
1999). The term oak woodland is subject to a similar level of ambiguity and is generally
characterized by higher overstory canopy cover and tree densities with the continued presence of
a diverse understory of grasses, forbs, and legumes (Taft, 1997). Anderson and Anderson (1975)
defined vegetation types along the prairie-forest continuum using tree density criteria (prairie
<0.5 trees ha-1, savanna 0.5-47 trees ha-1, open woodland 47-99 trees ha-1, closed forest >99 trees
ha-1). Tree density was also used by Curtis (1959) to define savanna as >2.5 trees ha-1 but <50%
canopy cover. Midstory layers of native shrubs and trees can form an important structural
component within oak savannas in localities of low fire intensity and frequency (Cottam, 1949;
Bowles et al. 1994; Abella et al. 2001; Packard and Mutel, 2005), but others have noted that
savannas are distinguished by an undeveloped midstory and are distinctly two-layered (Bray,
1960; Peterson and Reich, 2001; Scholes and Archer, 1997).
Taking this definitional variation into account, it has been estimated that prior to
European settlement 11-13 million ha of oak savanna existed in what is now Minnesota, Iowa,
Missouri, Wisconsin, Illinois, Michigan, Indiana, and Ohio (Nuzzo, 1986). This figure does not
include oak woodlands or savannas outside of this region and thus, underestimates the historical
extent of fire-adapted oak communities. No attempts to estimate the extent of open-oak
communities in Mid-South have been made (Noss and Peters, 1995). Nevertheless, there is
ample historical evidence that open-oak communities occurred in this region (Ramsey, 1853;
McInteer, 1952; Nelson, 1985; DeSelm, 1994). Areas of the southern Appalachians were
described in early accounts as open timber with shoulder-high broomsedge (Andropogon spp.)
and abundant legumes in the understory (Van Lear and Waldrop, 1989). The community
extended eastward into the Piedmont where historic documents describe a “grande savanne” that
exists now only in isolated remnants (Davis et al., 2002).

4

Oak Savanna and Woodland Decline
Major changes in the ecological disturbance regimes of the Mid-South were initiated by
the collapse of Native American populations due to disease epidemics (Buckner, 1992).
Although early settlers continued practices (i.e., cutting and burning) that maintained oak
communities (Van Lear and Waldrop, 1989; Abrams, 1992), the arrival of European settlers
significantly altered culturally-related land management practices. Extensive logging, land
clearing, catastrophic fire followed by fire suppression, and the introduction of exotic insects and
diseases all contributed to rapid forest changes (Brose et al., 2001). These trends continued into
the early 1900’s as the US Forest Service made active fire suppression an official policy (Van
Lear and Waldrop, 1989), which resulted in the succession of fire-dependent communities into
closed-canopy forests composed of fire-intolerant species (Agee, 1993; Scholes and Archer,
1997; Asner et al. 2004).
The disappearance of open-oak communities occurred rapidly in response to fire
cessation and land-use changes (Nuzzo, 1986). Oak savannas once stretched from Texas to
Manitoba, but by 1985 only 2,607 ha, or approximately 0.02% of the original extent, remained
(Nuzzo, 1986). After 1825, all descriptions of these community types indicate loss and
degradation (Sauer, 1927). Today, oak savannas are as endangered as tallgrass prairies and are
among the most threatened communities in North America (Noss and Peters, 1995). In broader
terms, savanna loss and degradation is a global issue related to woody encroachment in the
absence of fire (Werner et al. 1990). Hoekstra et al. (2005) reported that temperate grasslands,
savannas, and shrublands are the single most endangered terrestrial biome in the world based on
conservation risk indices calculated from percent of area developed and percent of remaining
area protected. The decline and present status of oak savannas and woodlands highlights the need
to protect and restore what is left of this diverse and unique part of our natural heritage (Curtis,
1959; Noss and Peters, 1995; Leach and Givnish, 1999; Davis et al., 2000; Grundel and
Pavlovic, 2007a).
Fire suppression has been identified as a major stressor of this unique community
(Abrams, 1992). Over the past several thousand years the climate of North America has favored
the development of forests (King, 1981; Anderson, 1983; Delcourt et al., 1986), an observation
that identifies fire disturbance as essential to the creation and maintenance of open-oak
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communities over this same time period (Curtis, 1959; Anderson, 1983; Pyne, 1984; Delcourt et
al., 1986; DeSelm 1989a). Indeed, fire regimes have been credited with the creation and
maintenance of oak ecosystems, and decreases in fire prevalence have been associated with
open-oak community degradation (Gleason, 1913; McPherson, 1997; Anderson et al. 1999).
Many areas historically occupied by open-oak communities receive adequate precipitation to
support closed-canopy forests, and the absence of fire leads to the dominance of this community
type (Anderson et al., 1999). French botanist and explorer François André Michaux made this
connection in 1802 within 20 miles from Knoxville, Tennessee, after observing a meadow
overgrown with woody vegetation that the locals informed him was because they had
discontinued the practice of burning. He concluded that the “circumstance seems to prove, that
the extensive meadows of Kentucky and Tennessee owe their origin to some conflagration,
which had consumed the forests, and that they are preserved in that state by the custom, which
still prevails, of setting fire to them annually” (Michaux, 1805).
The causes of oak savanna and woodland decline have been described as a complex
synergism, rooted in fire suppression with urban and agricultural development, successional
advancement, the elimination of large herbivores, and climatic changes all playing a role
(Heikens and Robertson, 1994; Henderson, 1995; Anderson, 1998; Asner et al. 2004). The
depletion of fine fuel loads through heavy grazing by domestic livestock and the removal of the
overstory trees began the process of oak savanna degradation, and in the absence of fire the
remaining savannas developed into closed-canopy forests (Curtis, 1959; Apfelbaum and Haney,
1987; Noss and Peters, 1995 Anderson, 1998; Bowles and McBride, 1998). Degradation
continued as agricultural and urban development increased, leading to a fragmented landscape
through the construction of roads and other functional firebreaks that continue to exclude fire
from these fire-dependent communities (Nuzzo, 1986). The vast majority of remnant
communities are now found on low quality, edaphically-limited sites that preclude human uses
and limit the rate of succession following fire suppression (Peterson and Reich, 2001).
A Ground Layer Herbaceous Plant Declines
Oak savannas and woodlands contain high levels of plant biodiversity that largely resides
in a dominant herbaceous ground component (Walker and Peet, 1983; Kirkman et al. 2001)
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where a robust diversity of grasses, forbs, and legumes is supported (Nelson, 1985; Apfelbaum
and Haney, 1990; Rebertus and Burns, 1997; Leach and Givnish, 1999; Peterson and Reich,
2001; Grundel and Pavlovic, 2007a). An oak savanna in the Missouri Ozarks was composed of
24 tree, 243 forb, 41 grass, and 20 sedge species, demonstrating the relative importance of the
herbaceous layer (Nelson, 2002). Light reductions accompanying successional advance in the
absence of fire have contributed to widespread plant diversity losses within these communities
(Breshears, 2006; Walker and Silletti, 2006; Price and Morgan, 2008). Numerous herbaceous
species that occur in oak savannas and woodlands are listed as state endangered or threatened
(Anderson and Bowles, 1998). Graminoid species, including little bluestem (Schizachyrium
scoparium) and sideoats grama (Bouteloua curtipendula) on xeric sites, and big bluestem
(Andropogon gerardii) and indiangrass (Sorghastrum nutans) on more mesic sites, are an
integral part of these communities and require elevated understory light levels typical of openoak communities (DeSelm, 1994). These systems may be forb rather than grass dominated (Bray,
1960; Leach and Givnish, 1999), and many native savanna forbs, such as blazing star (Liatris
scariosa), have been locally extirpated as a result of fire suppression (Vogl, 1964; Packard,
1993; Nielsen et al., 2003). Other research has also noted the negative impacts of invasive
species like European buckthorn (Rhamnus cathartica) (Apfelbaum and Haney, 1990) and
Serecia lespedeza (Eddy and Moore, 1998) on native savanna species.
Oak savannas and woodlands harbor a greater diversity of herbaceous plants than either
prairie or forest communities, making them important conservation targets (Belsky et al., 1989;
Leach and Givnish, 1999). Their transitional nature allows a mixture of both prairie and
woodland herbaceous species to coexist (Nuzzo, 1986). Fire historically maintained a sparse
overstory that produced heterogeneity in herbaceous plant resources beneath them. This
heterogeneity is best conceptualized by spatial gradients radiating out from the boles of overstory
trees that create a diversity of herbaceous niches (Belsky et al., 1989; Scholes and Archer, 1997;
Leach and Givnish, 1999; Ludwig et al., 2004; Breshears, 2006). Fire suppression and
accompanying woody encroachment within these communities has resulted in the elimination of
these gradients and subsequently, negative impacts on herbaceous plant biodiversity (Breshears,
2006; Brudvig and Asbjornsen, 2009b). This diversity has also been attributed to greater
topographical relief that typical flat grassland communities lack, which also creates herbaceous
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plant microhabitats and increases diversity even further (Muller, 1982; Leach and Givnish, 1999;
Abella et al., 2001; Peterson and Reich, 2001; Packard and Mutel, 2005).
Changes in Woody Community Composition and Abundance
Observed declines in herbaceous biodiversity are, in part, the result of explosive increases
in woody vegetation cover as a result of fire suppression. Woody encroachment control is a
critical element of restoration, as a lack of such control has been regarded as one of the greatest
threats to the maintenance of early successional vegetation types (Briggs et al., 2005).
Continuous sub-canopies of woody vegetation are common in the Mid-South and increase in
density and size over time (Lorimer et al., 1994). Overstory thinning drastically encourages the
growth of this layer (McGuire et al., 2001, Kirkman et al., 2007; Pecot et al., 2007; McCord,
2011), which can lead to reductions, eliminations, or the failed establishment of critically
important herbaceous vegetation within open-oak communities (Hobbs and Mooney, 1986;
McPherson and Wright, 1990; DeSelm and Clebsch, 1991; Lett and Knapp, 2003; Price and
Morgan, 2008). The presence of competing hardwood understory vegetation and its litter has
been shown to be a limiting factor for the richness of the herbaceous layer of savanna systems
(Kirkman et al., 2007; Barrioz et al., 2013). The mechanism behind this phenomenon involves
alterations of plant resource availability (Norris et al., 2001; Lett and Knapp, 2003). Light
reductions below midstory canopies have been found to reduce species richness, germination,
and establishment (Hobbs and Mooney, 1986; Morgan, 1998; Clarke et al., 2000). Leaf litter
reduces herbaceous richness through reductions in light penetration and mechanical impediments
to germination (Carson and Peterson, 1990; Tilman, 1993; Facelli, 1994). The improper control
of midstory woody vegetation can limit the response of the herbaceous ground layer to applied
restoration techniques (Hutchinson et al., 2005).
In contrast, without oak regeneration eventually oak savannas and woodlands will cease
to exist. An additional negative indicator of oak savanna and woodland health involves the
increased dominance of fire-intolerant, mesophytic species and the associated declines of firetolerant, xerophytic species like oaks (Abrams, 1992; Lorimer 1994; Johnson et al., 2009). The
conversion from oak-dominated to mixed mesophytic forests is a widespread phenomenon in the
Mid-South (McGee, 1984; Parker et al., 1985; Abrams and Downs, 1990). Dramatic increases in
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oak competitors, like red maple (Acer rubrum), have occurred across a variety of light, moisture,
and nutrient gradients (Abrams, 1998). Current USDA Forest Inventory and Analysis data shows
the dominance of oaks in large size classes, and the near absence of oaks as a component in
regeneration size classes in the eastern United States (USDA Forest Service, 2005). Within oak
savannas in the Minnesota River Valley, oak species were highest in importance values within
the older cohorts but never the highest among younger tree classes (Kittelson et al., 2009).
Numerous studies have reported a distinct lack of oak regeneration in all but the most xeric of
sites (i.e. Clark, 1993). These declines have been attributed to widespread failure of oaks to
regenerate in forest understories (McDonald et al. 2002). Plentiful acorn crops can establish large
numbers of seedlings, but the loss of apical dominance in high shade results in their death
without subsequent disturbance (Lorimer et al. 1994). Even where canopy disturbances occur,
oaks are often rapidly overtopped by mesophytic competitor species (such as red maple, sugar
maple, yellow poplar, and sweetgum) in the absence of fire (Aubrey, 2004; Van Lear, 2004).
Oaks are the most economically and ecologically important tree species in the temperate
regions of North America (Tyler et al., 2006). Twenty-one species of oak are, at least, locally
important timber species (Burns and Honkala, 1990), and provide mast for wildlife, comprising
up to 76% of the diet of white-tailed deer (Odocoileus virginianus) in years of abundance
(Harlow et al., 1975; Hardin et al., 2001; Ross-Davis et al., 2005). Oaks also provide essential
food and cover for several species of Lepidoptera larvae that are rare in at least portions of their
ranges (Wagner et al. 2003). Without intervention oaks could become a minor component of our
forests in the future.
Associated Declines in Disturbance Dependent Wildlife
Avian species closely associated with early successional vegetation types are
experiencing population declines that are linked to changes in vegetation structure that
accompany forest succession in the absence of fire and other disturbance mechanisms (Askins,
1993; Peterjohn and Sauer, 1994; Herkert, 1995; Brennan and Kuvlesky, 2005). Brawn et al.
(2001) reported that 68 of 169 grassland, shrub/scrub, and open-woodland species in North
America declined significantly between 1966 and 1998; only 29 of those species increased
significantly during the same period. Some estimates suggest that 70% of grassland bird species
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in eastern North America have experienced dramatic population declines over the last 50 years
(Hunter et al. 2001). Northern bobwhites (Colinus virginianus) have declined steadily since the
start of the Breeding Bird Survey (BBS) in 1966, with a total decrease of 82% over 41 years
(Line, 2009). Many of these species, including Henslow’s sparrow (Ammodramus henslowii),
Bachman’s sparrow (Aimophila aestivalis), field sparrow (Spizella pusilla), dickcissel (Spiza
americana), grasshopper sparrow (Ammodramus savannarum), red-headed woodpecker
(Melanerpes erythrocephalus), loggerhead shrike (Lanius ludovicianus), and northern bobwhite
inhabit oak savanna and woodland communities (Nelson, 1985; Askins, 1993; Robinson, 1994;
Sample and Mossman, 1994; Noss and Peters, 1995; Ford et al., 2000). Only 2 species associated
with open woodlands and savannas, eastern bluebird (Sialia sialis) and swallow-tailed kite

(Elanoides forficatus), show increasing or stable population trends (Hunter et al., 2001). The
restoration of oak savannas and woodlands could provide important habitat for uncommon and
declining avian species (Davis et al., 2000).
The decline of early successional fauna is not limited to the avian community. Several
herpetofauna species of conservation concern including the eastern tiger salamander (Ambystoma
trigrinum tigrinum), six-lined racerunner (Cnemidophorus sexlineatus sexlineatus), prairie
racerunner (Cnomidophorus sexlineatus viridis), and bullsnake (Pituophis catenifer sayi) are
known to be strongly associated with oak savannas and woodlands (Nelson, 1985; Kapfer et al.,
2008). Fire-induced mortality of overstory trees can provide crucial habitat for bats, such as the
endangered Indiana bat (Myotis sodalist) (Loeb, 1996), and maximizing high quality habitat may
help to alleviate the negative effects of White Nose Syndrome (Foley et al., 2011). The continued
decline of endangered insects like the Karner blue butterfly (Lycaeides melissa samuelis), frosted
elfin (Callophrys irus), regal fritillary (Speyeria idalia), Persius dusky wing (Erynnis persius),
and many more have been linked to loss or degradation of oak savanna (Chapman et al. 1995;
Noss and Peters, 1995). Additionally, oak savanna is considered high quality habitat for many
important game species including northern bobwhite, wild turkey (Meleagris gallapavo), fox
squirrels (Sciurus niger), cottontail rabbits (Sylvilagus spp), and white-tailed deer which adds
significant economic implications to the restoration of these communities (Henderson, 1995).
The transitional nature of oak savanna and woodland communities provides a mosaic of
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vegetative structures beneficial to many wildlife species (Askins, 1993; Davis et al., 2000;
Thompson and DeGraaf, 2001).
The Restoration of Oak Savannas and Woodlands
The potential for healthy oak savanna and woodland communities to address this diverse
array of concerns has resulted in an increased focus in recent years on restoration. However, our
understanding of how this process is best accomplished and how these communities function
remains limited (Leach and Ross, 1995). Strategies have typically focused on restoring
historically accurate plant communities and vegetation structure. Plantings as a restoration
technique, both of oaks and herbaceous plants, have proven to be expensive and unproductive
across a wide range of site quality (McGee and Loftis, 1986; Johnson et al., 2002; Packard and
Mutel, 2005). For this reason viable seedbanks of native herbaceous plants are an important
consideration for restoration site selection (Sturgess and Atkinson, 1993). It is possible that as a
result of succession or land use changes, viable seedbanks may no longer exist (Sturgess and
Atkinson, 1993; Abella, 2010). In these rare cases plantings become essential, but choosing a site
based on the presence of residual savanna species that are strong indicators of future restoration
success is highly recommended (Packard and Mutel, 2005). Restoration site selection should also
consider invasive species presence and extent and control options prior to restoration efforts.
Successful restoration must address the woody midstory and the sub-canopy it can form,
and managers often seek to do so in a shorter time period than fire and overstory thinning alone
using various techniques. Grazing has been considered as option and has shown desired
community responses (Anderson, 1982; Sample and Mossman, 1997; Howe, 1999; Knapp et al.,
1999), but the inability of grazing regimes to replace fire, the negative effects grazing can have
through reductions in species richness and the introduction of exotics, and the complex strategies
involved in its appropriate use reduce this technique’s widespread applicability (DeSelm, 1988;
DeSelm, 1989b; Ko and Reich, 1993; Harrington, 1998; Henderson, 1998; Vavra, 2005;
Harrington and Kathol, 2008). Grazing has always occurred in savannas and woodlands and may
have historically contributed to their maintenance (Dyksterhuis, 1957; Anderson, 1982; Dyer et
al., 1982; Tyndall, 1992), but it has never been shown to create savannas and woodlands like fire
has (Gleason, 1913; Curtis, 1959; Pyne, 1984; Delcourt et al., 1986; Hulbert, 1986; DeSelm
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1989a; Abrams, 1992; McPherson, 1997; Anderson et al., 1999) and thus has limited
applicability in the early stages of restoration.
Drum chopping is another option; however, Welch et al. (2004) concluded that chopping
increased hardwood stem densities compared to an herbicide treatment, and Miyata et al. (1983)
noted that saplings not oriented parallel to the direction of travel of the drum-chopper are
typically not crushed. Drum chopping in a Tennessee oak savanna restoration effort was not
found to decrease the amount of woody groundcover and compacted soils which limited
herbaceous layer response (Barrioz et al., 2013). Hand removal of the woody midstory by
continual brush cutting depletes root reserves and eventually reduces the layer. However, shrubs
were shown to recover 82% of lost biomass after a single clipping in an oak savanna due to high
light availability (Pelc et al., 2011) and the repeated clipping needed to make these methods
effective are labor and money intensive operations (Pelc et al., 2011; Harrington and Kathol,
2008).
Past savanna and woodland restoration failures have led to the current state of theory
regarding the best strategies for restoration. The recovery potential of these communities is often
reported as substantial and simply requires appropriate management (Holtz, 1985; Bronny,
1989). Reaching restoration goals usually requires the use of overstory thinning and prescribed
fire. Including mechanical thinning of the overstory has not only been shown to speed up the
restoration process (Bowles and Mcbride, 1998), but has also yielded the best results with respect
to structure and diversity (Nielsen et al., 2003). Fire is a critical element of successful
restoration, but a better understanding of how fire regulates vegetation structure and composition
within these communities is required (Leach and Ross, 1995; Peterson et al., 2007), specifically
with respect to frequency, intensity, and seasonality. Further acceleration of the process could be
attainable through the use of herbicide treatments of persistent woody midstories (Ansley and
Castellano, 2006; Walker and Silletti, 2006). The use of these three management techniques in
conjunction could be multiplicative in terms of restoration success.
Key community level responses that allow for evaluation of restoration efforts must be
identified. The dominance of the herbaceous community within healthy oak savannas and
woodlands makes it a primary target of restoration efforts, and, therefore, a primary metric for
monitoring restoration progress. Understanding how this community responds to variations in
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fire application, overstory thinning, and herbicidal control of woody midstories will result in the
elucidation of management practices that accurately and efficiently restore the foundation of
healthy open-oak communities (Nelson, 1985; Kirkman et al. 2001; Peterson and Reich, 2001;
Grundel and Pavlovic, 2007a). The response of woody plant communities provides restoration
evaluation with respect to woody plant control, woody species compositional shifts, and distant
future concerns of sustainability and overstory replacement. Of primary importance initially in
the restoration process is the reduction of persistent and ecosystem altering woody midstories
(Briggs et al., 2005). Regenerating oaks on productive upland sites is a major challenge facing
land managers (Hix and Lorimer, 1991; Abrams and Nowacki, 1992), and the lessons learned
through monitoring the restoration process of communities that historically contained a high
density of oaks could ensure that oaks remain a strong component of wooded ecosystems in the
future. Restoring the characteristic vegetation and structure of oak savannas and woodlands
shows great potential to reverse the trends of declining disturbance-dependent wildlife species
through the creation of high quality habitat (Askins, 1993; Packard, 1993).
Restoration Using Canopy Disturbance
Historically, the sparse canopies of oak ecosystems were maintained by insect outbreaks,
ice storms, passenger pigeon activity, and wind events that predisposed these areas to fire by
elevating fuel loads, facilitating air movement, and increasing sunlight (Lorimer, 1980; Runkle,
1990; Myers and Van Lear, 1998). Overstory thinning can mimic these historical overstory
disturbance regimes (Brose and Van Lear, 1998). Including mechanical manipulations of the
overstory in restoration efforts has yielded the best results with respect to structure and diversity
(Nielsen et al., 2003). Overstory harvests should be selective, leaving species common to oak
savannas and woodlands, resulting in a shift in composition toward that described in historical
accounts (Peterson and Reich, 2001). Not only does overstory disturbance quickly reduce
canopies to desired levels, it may also generate revenue that offsets restoration costs (Laubach,
2000; Nielsen et al., 2003).
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Herbaceous Ground Layer Response to Canopy Disturbance
Overstory reduction is critical to herbaceous layer development as it provides the
additional light needed for herbaceous germination and growth (Scholes and Archer, 1997;
Leach and Givnish, 1999; Peterson et al., 2007). In a case study of oak savanna restoration in the
Mid-South, Barrioz et al. (2013) concluded that grass cover was negatively related to percent
canopy cover, and that forb cover was negatively related to total basal area. Barrioz et al. (2013)
additionally observed the occurrence of native warm-season grasses growing in canopy gaps
within mature hardwood stands where these species did not otherwise occur. These results and
the work of others (Scholes and Archer, 1997; Leach and Givnish, 1999; Peterson et al., 2007)
stress the importance of overstory reduction to the development of the herbaceous ground layer.
Native herbaceous species richness has responded positively to increased light levels in canopy
gaps formed by overstory reductions in savanna settings (Keddy et al., 2006; Platt et al., 2006).
This effect was also evident in an attempt to restore oak opening and savanna herbaceous species
in Ohio where after three years, thinned sites had 2-3 times the number of herbaceous species,
and 14 times more herbaceous plant cover with respect to un-thinned sites (Abella, 2010). A
similar study noted a 5-fold increase in the above ground biomass of herbaceous plants postthinning (Bender et al., 1997). Brudvig and Asbjornsen (2009b) noted that 3 years after canopy
cover was reduced from 84-89% to 8-52%, understory species richness increased by 225%.
Similarly, forb cover was found to be negatively impacted by tree canopy cover within open-oak
environments by Peterson et al. (2007).
Competition for resources and shading effects by overstory and midstory canopies are the
limiting factors for herbaceous community development (Scholes and Archer, 1997). McCord
(2011) observed that photosynthetically active radiation infiltration was considerably greater in
treatments that included some form of overstory thinning (retention cuts and shelterwood
harvest), but also observed that herbaceous groundcover was not affected and that woody
groundcover dominated all treatments with canopy reduction. Basal area was reduced to 60% of
the control units in units that received overstory manipulation. These observations stress two
important points; desired herbaceous response may require higher levels of overstory
manipulation and subsequent disturbance may be necessary to limit woody invasion into the
newly created growing space created for herbaceous development.
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Clearly divided microsites are formed by the influence of overstory canopies that create
micro-site heterogeneity, resulting in the highly diverse herbaceous communities supported by
oak savannas and woodlands (Leach and Givnish, 1999). This concept is illustrated by the
observation that cool-season grasses typically dominate the space from the bole of an overstory
tree to the canopy’s drip-line, whereas warm-season grasses dominate in the more open areas
past this drip-line (Scholes and Archer, 1997; Leach and Givnish, 1999). Oak savannas have
often been described as forb dominated, and the release of forbs from competition with warmseason grasses under partly shaded conditions may help to account for the high diversity of
savanna ground layers relative to prairies (Leach and Givnish, 1999). Important light and
moisture gradients can be readily impacted with minimal restorative effort, and soil property
gradients within temperate savanna communities can be resilient to change for 68 years after
woody encroachment, all suggesting the potential success of restoration efforts concerning the
herbaceous layer and its diversity (McCarron et al., 2003; Hughes et al., 2006; Brudvig and
Asbjornsen, 2009b).
The specific methods involved in overstory reduction have implications on herbaceous
community response. Leaving clumps of overstory trees and the use of irregular thinning can
result in significantly different herbaceous plant community responses through alterations in
light gradients (Scholes and Archer, 1997). Slash placement can enhance plant establishment by
providing protection from herbivory and moisture conservation (Brockway et al., 2002), but
slash can also ameliorate microclimate influence, produce shading, and limit herbaceous
development (Abella, 2010). Crown infilling may necessitate additional thinning to aid in longterm maintenance of a vigorous herbaceous layer (Abella, 2010). This additional thinning could
be accomplished through prescribed fire (Loftis, 2004). However, long-term studies of
herbaceous layer response to overstory thinning are lacking in the literature (Hutchinson, 2006).
Overstory removal also releases woody vegetation growth (McGuire et al., 2001; Kirkman et al.,
2007; Pecot et al., 2007), which, in the absence of control, leads to the exclusion of understory
herbaceous vegetation (Gilliam and Platt, 1999; Glitzenstein et al., 2003), a critical fine fuel
source for fire intensities high enough to maintain the ecosystem (Rebertus et al., 1993; Jacqmain
et al., 1999).
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Woody Plant Community Response to Canopy Disturbance
Overstory thinning drastically encourages the growth of woody plants (McGuire et al.,
2001, Kirkman et al., 2007; Pecot et al., 2007), which often dominate and preclude the
establishment of understory herbaceous vegetation (Hobbs and Mooney, 1986; McPherson and
Wright, 1990; Lett and Knapp, 2003; Price and Morgan, 2008). Herbaceous vegetation,
increased through thinning, can limit woody plant establishment through direct competition for
plant resources (De Steven, 1991a; De Steven 1991b). However, in the absence of disturbance,
increases in woody brush can occur rapidly even in the presence of a strong herbaceous
component (San Jose and Farinas, 1991). Competitive reductions are generally not large enough
to cause high mortality or woody plant exclusion (Scholes and Archer, 1997), which necessitates
management techniques capable of control.
Although a distant concern of secondary importance in the initial stages of oak savanna
and woodland restoration, the future sustainability of the overstory of these systems depends on
correcting woody species compositional trends in the understory toward historic levels. Without
broken canopies, oak seedlings are at a disadvantage because of their need for partial to full
sunlight (Clark and Watt, 1971). Brudvig and Asbjornsen (2009a) documented greater survival
and growth of white oak seedlings located in canopy gaps. Basal diameter growth of advanced
oak regeneration was increased by reducing overstory basal area at two different sites in the
southern Appalachians (Loftis, 1990). Numerous studies stress the importance of light gaps,
either created by overstory oak mortality or disturbance, for successful oak regeneration (e.g.,
Stearns 1949). The recommended overstory basal area reduction for advances in oak
regeneration varies inversely with site index (Loftis, 1990). Overstory reduction with the purpose
of oak savanna and woodland restoration should shift the overstory composition towards
conditions similar to those reported in historic accounts by leaving species common to savannas
(Peterson and Reich, 2001). This shift in overstory composition toward oak species has been
shown to increase oak seedlings five-fold, a phenomenon attributed to seed rain from the
resulting oak-dominated overstory (Brudvig and Asbjornsen, 2008).
However, canopy reductions often lead to an increase in hardwood species that outcompete oaks (Aubrey, 2004; Van Lear, 2004). Thinning levels can address this issue by
retaining enough canopy cover to maintain fine fuel loads (i.e., leaf litter), allowing enough light
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for oak regeneration, and minimizing the growth of shade-intolerant competitors such as yellow
poplar (Van Lear, 2004). The relatively high survival rates of oaks under moderate shading
(Beck, 1970; Loftis, 1988; Johnson, 1993) give them an advantage over their more shadeintolerant competitors. Additionally, light saturation and photosynthetic rate maximization
occurs for most eastern oak species at 30-50% of full sunlight (McGraw et al., 1990; Ashton and
Berlyn, 1994), and thinning that increased understory light intensity to 27-49% of full sunlight
favored the photosynthetic potential of northern red oak over that of sugar maple (Parker and
Dey, 2007). Stump sprouts from unwanted species that develop after thinning in response to
increases in nitrogen availability (Reich et al., 2001) and increases in light reaching the ground
(Larson and Johnson, 1998) are a major source of oak competition but can be top-killed by
subsequent fire (Apfelbaum and Haney, 1990). Unfortunately, the advantages that overstory
thinning can gain for oak regeneration are often short lived and the remaining overstory must
eventually be removed within a decade or this new reproduction layer will not be recruited into
the overstory (Schlesinger et al., 1993). McCarthy et al. (1987) and Goebel and Hix (1997)
acknowledge the canopy disturbance- regeneration link, but conclude that present advanced oak
regeneration levels may be inadequate to maintain oaks after canopy disturbance alone.
Mechanical overstory thinning has enormous potential to accelerate the restoration
process and complement the use of fire. Many investigators have concluded the use of fire alone
is insufficient, and that mechanical overstory thinning may reduce the time needed for restoration
from decades to years (Abella et al., 2001; Peterson and Reich, 2001; Nielson et al., 2003).
Structural manipulations do not preclude fire, but simply hasten restoration efforts (Bowles and
Mcbride, 1998).
Restoration Using Prescribed Fire
Fire has proven essential to the establishment and maintenance of oak savannas and
woodlands (Gleason, 1913; Apfelbaum and Haney, 1987; Abrams, 1992; McPherson, 1997;
Anderson et al., 1999). Fire frequency is an important determinant of the development of these
community types, and dendrochronological evidence indicates fire return intervals ranged
between 1-12 years for the Mid-South (Frost, 1998). Other historical estimates in mixed-oak
forests report return intervals of 3-13 years (Guyette et al., 2006; Shumway et al., 2001).
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However, fire-history data are known to have uncertainty and biases when used to estimate
population mean fire intervals, and this uncertainty includes overestimation of fire intervals by
the exclusion of low-intensity fires that may not have produced fire-scars (Baker and Ehle,
2001). In addition, a key distinction exists between restoration and historical maintenance.
Studies concerning these communities support the importance of frequent fires (McPherson,
1997; Anderson et al., 1999; Kirkman et al., 2001; Peterson and Reich, 2001; Glitzenstein et al.,
2003).
Historically, fire intensity would have varied as a function of fuels, season, and
topography (Frost, 1998; McCarty, 2002). The savanna and woodland communities known to
exist throughout the Mid-South at the time of European settlement were maintained by a high
frequency of low-intensity surface fires (Kay, 2000). Less frequent intense fires may have played
an important role in creating oak savannas and woodlands and limiting woody invasion, and the
interspersion of periods of no fire would allow for the recruitment of new canopy cohorts,
sustaining the vegetation type (Apfelbaum and Haney, 1987).
Location of fire scars within growth rings indicates that most fires in the relatively recent
history of the Mid-South occurred during the dormant season (Bale et al. 2008, DeWeese 2007,
Guyette and Spetich 2003, Shumway et al. 2001). Estimations of more historical fire regimes
have reported the importance of growing-season fire, with anthropogenic fire occurrence in the
South peaking during April and lightning-set fires occurring most often in May (Barden and
Woods, 1973; Huffman, 2006). Lands used for grazing were often burned in the spring to
encourage herbaceous growth (DeSelm, 1994). Regardless of the historical patterns in
seasonality of fire, present fire suppression has resulted in successional changes that are best
corrected by growing-season burns (Brose and Van Lear, 1998; Gruchy et al., 2006). Dormantseason fire can be used to maintain the conditions created by growing-season fire. The main
problem with current management, especially in the Mid-South, is the continued use of
ineffective dormant-season fire (Knapp et al., 2009).
The use of a fire-only approach to the restoration of oak savannas and woodlands
assumes that the initial structure is of little importance and that degraded, fire-prone communities
are within a range of natural variability (Stephenson, 1999). However, research has indicated it is
possible to cross an ecological threshold beyond which fire alone cannot reinstate community18

specific characteristics (Nielsen et al., 2003). In these cases other management techniques used
in conjunction with the continued use of fire may become necessary to make restoration a reality.
Herbaceous Ground Layer Response to Prescribed Fire
Relatively little is known about fire effects on herbaceous layer vegetation in eastern
deciduous forests (Gilliam and Roberts 2003). Apfelbaum and Haney (1990) found that the
herbaceous layer increased in cover after burning and included many species that are known to
exist in savanna communities that were not apparent before fire. Responses like these to fire by
herbaceous communities within oak savannas and woodlands are common (Hartman and
Heumann, 2003; Hutchinson et al., 2005) and are the result of plant adaptations within these
communities to coexist with fire regimes (Rebertus and Burns, 1997; Anderson and Bowles,
1998). Fire in the southern Appalachians has been used to promote diversity and production of
open field plant species (Swift et al., 1993), but more data are still needed to determine
effectiveness of prescribed fires in restoring the herbaceous communities of degraded oak
savannas (McPherson, 1997). Specifically there exists a need to elucidate how herbaceous
communities respond to increases in fire frequency, intensity, and seasonal variations in fire
application.
Forbs respond positively to increased fire frequency, albeit slowly and with only small
increases in coverage after multiple fires within closed canopy settings (Hartman and Heumann,
2003; Hutchinson et al., 2005). Fire-adapted C4 species such as bluestems responded favorably
to frequent burns on a Kansas prairie (Collins, 1992). However, there exists a need to gain a
broader and more general understanding of fire effects on herbaceous communities through longterm studies of different fire frequencies conducted at spatial scales that are sufficient to describe
variation across the landscape (Hutchinson et al., 2005).
Variations in the intensity of fire play a crucial role in dictating the direction of response
observed in herbaceous communities. Intense fires can promote a robust herbaceous layer (Van
Lear and Waldrop, 1989). McMurry et al. (2007) documented that increases in fire intensity
influenced herbaceous vegetation diversity and richness positively in the Missouri Ozarks.
Highly intense fires have the capability of producing overstory mortality and significantly
reducing understory woody vegetation, both of which positively impact herbaceous community
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development by increasing ground light levels (Scholes and Archer, 1997). A single, intense
(>800 °C) dormant-season fire in the Nantahala National Forest in North Carolina resulted in
significant declines in species richness and basal area of overstory trees, while deciduous
understory shrubs (Vaccinium spp. and Gaylussacia spp.) and herbaceous species increased
(Elliot et al., 1999). Significant declines in total basal area continue for years after some
prescribed fires, resulting in long–lasting, positive effects on the herbaceous community (Wendel
and Smith, 1986; Peterson and Reich, 2001). As more fire-intolerant overstory species decrease
due to mortality, more fire-adapted overstory species will begin to show dominance (Aubrey,
2004), and these species will provide the resource gradients responsible for the great herbaceous
diversity of oak savannas and woodlands (Leach and Givnish, 1999). Slash placement
alternatives (removal, clustering, or scattering) can also impact micro-variations in fire intensity
with positive repercussions in herbaceous development (Brockway et al., 2002; Abella, 2010).
Fire intensity is closely related to fire seasonality, with modest herbaceous release associated
with low-intensity spring-burns, and intense fall-burns providing the best results in the release of
herbaceous vegetation (Apfelbaum and Haney, 1987).
Few studies have evaluated the effects of seasonal variation in fire on the herbaceous
understory of eastern hardwood ecosystems, and most of what is known is extrapolated from
research on pine savanna management (Knapp et al., 2009). Generally, seasonal variations in the
application of fire show a strong influence on plant species composition (Towne and Owensby,
1984; Gruchy et al., 2006). Spring burns can eliminate groundcover, leaving behind blackened
sites that allow the ground to warm earlier and thus, promote warm-season grass germination and
establishment with less competition from cool-season species (Blewett, 1976). Eight years of
summer burning in Kansas resulted in the decreased dominance of large, late--flowering C4
grasses, and allowed early-flowering species eliminated by other burn season variations to persist
and prosper, resulting in the conclusion that the primeval lightning fires of midsummer may have
produced quite different herbaceous communities than typical anthropogenic dormant-season fire
(Howe, 1995). In a degraded Illinois oak woodland, growing-season (May) burns were more
effective than dormant-season (March) burns in controlling exotic species, and the dormantseason burn plots appeared more similar to unburned controls in herbaceous composition
(Schwartz and Heim 1996).
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Keyser et al. (2004) reported that plant cover and species richness in an oak-dominated
forest increased following fire regardless of burn seasonality, but more intense spring and
summer burns shifted the understory toward herbaceous species, whereas the winter burn
resulted in dominance by woody plants and shrubs. Similarly, late spring and early summer
burns shift understory composition from woody vegetation to forbs and grasses (Waldrop et al.
1987). Research has indicated that burning during the peak of the historical fire season (May)
reduces stem density of understory hardwoods more so than burns during the dormant season,
with positive impacts on ground layer herbaceous vegetation (Waldrop et al., 1987; White et al.,
1991; Boyer, 1993; Streng et al., 1993; Glitzenstein et al., 1995; Drewa et al., 2006). Hutchinson
et al. (2005) observed limited fire effects on herbaceous vegetation reportedly due to the
dormant-season timing of burns that allowed for substantial re-sprouting of woody plants and
caused relatively minor changes in forest structure and resource availability.
Together this evidence supports the general conclusion that growing-season fire is
superior to dormant-season fire when it comes to increasing herbaceous vegetation dominance.
However, all growing-season fires may not be equal in their effects. Lashley et al. (2009) and
McCord (2011) both showed no difference in understory herbaceous composition between
controls and burned units following 4 early growing season fires over an 8-yr period due to
concurrent increases in woody vegetation. In contrast, Gruchy et al. (2006) reported that late
growing-season fire (September) resulted in greater cover of desirable legumes than dormantseason fire (March). This suggests that the best season for fire to increase herbaceous dominance
may be the late growing-season. Fire is slow to alter the overstory, however, which limits the use
of fire alone in the restoration of herbaceous plant diversity (Peterson and Reich, 2001; Nielson
et al., 2003).
Woody Plant Community Response to Prescribed Fire
Prescribed fire will gradually suppress understory woody shrub and tree growth (Van
Lear and Waldrop, 1989; Peterson, 1998; Elliott et al., 1999; Hutchinson, 2006), an essential step
in the restoration of oak savannas and woodlands. Although limiting woody encroachment is the
main focus of restoration efforts, past fire suppression has also resulted in changes in woody
species composition that can be corrected through the return of historical fire regimes (Brose et
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al. 2001; Healy and McShea 2002; Johnson et al. 2002). Therefore, successful restoration with
respect to the woody plant community involves both the primary goal of reducing woody
encroachment, and a more subtle focus on shifting composition toward more fire-tolerant
species, such as oaks, to ensure sustainability. Both of these objectives can be achieved through
the use of prescribed fire.
The increasingly apparent association between fire and oaks has led researchers to
investigate the use of prescribed fire to sustain and regenerate oaks and the ecosystems they help
form. Fire does not create oak regeneration. It can, however, lead to the competitive advantage of
oak species by reducing the prevalence of fire-intolerant competitors, altering the forest seedbed,
adversely affecting insect predation of acorns, and by improving stem form of oak reproduction
enabling quick response to the newly created growing space (Loftis, 2004). Numerous studies
have shown that prescribed fire can improve and promote oak regeneration (Kruger and Reich,
1997; Brose and Van Lear, 1998; Van Lear, 2004). The appropriate use of fire in the restoration
of oak savannas and woodlands could lead to the replacement of canopy oak trees and the
perpetuation of this unique community.
After a burn, net photosynthesis for black cherry and oak seedlings was enhanced while
competitor species like red maple remained unaffected, suggesting physiological differences in
response to fire that may be used to the competitive advantage of oak species (Reich et al. 1990).
Oak seedlings and saplings are generally more tolerant of fire than their competitors such as
sugar maple, red maple, sweetgum (Liquidambar styraciflua), and yellow-poplar (Lireodendron
tulipifera) (Reich et al., 1990; Waldrop and Lloyd, 1991; Kruger and Reich, 1997; Brose and
Van Lear, 1998; Barnes and Van Lear, 1998). The adaptation of oaks to fire is based partly on
caching of acorns by wildlife (Darley-Hill and Johnson, 1981; Galford et al., 1989; Brose and
Van Lear, 1998), hypogeal germination, which results in root collar placement below the soil
surface (Rogers, 1990; Sander, 1990), and an emphasis on seedling root growth over shoot
growth (Kelty, 1989; Kolb et al., 1990). Fire benefits oak reproduction more when seedlings are
allowed time to develop in size and reach an age of at least 3 years (Brose and Van Lear, 2004).
It appears that both oak phenology and fire intensity contribute to oak species’ response to fire
(Knapp et al., 2009).
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Observations of increased proportions of oaks following wildfire and prescribed burns
are numerous (Carvell and Tryon, 1961; Malslen, 1988; Ward and Stephens, 1989; Kruger,
1992), but studies on high-quality sites have reported little or no benefit to oak seedling
establishment (McGee, 1979; Teuke and Van Lear, 1982; Nyland et al., 1982; Merritt and Pope,
1991). These seemingly contrasting results highlight two important observations; fire does not
establish oak regeneration, it only competitively aids existing oaks, and the scientific community
has yet to reach a definitive consensus on the interaction between fire and oak regeneration.
Some researchers have recently called for a more cautious and ecologically based approach to
the application of the oak-fire hypothesis, stressing the differences between historical and
modern oak forests, and the need for more focus on periods of lower fire prevalence to promote
oak regeneration (Arthur et al., 2012). Similar to the response of herbaceous communities to fire,
variations in fire frequency, intensity, and seasonality all play a role in potentially aiding oak
regeneration and limiting woody encroachment.
The frequent application of fire (every 1-2 years) is usually necessary for several years to
restore savannas (Apfelbaum and Haney, 1987). Woody shrub control was maximized by a 1 to
3 year return interval in comparable pine savannas of the southern United States (Kirkman et al.,
2001; Glitzenstein et al., 2003). Only limited overstory mortality was observed in largerdiameter oaks after 13 years of annual burning in degraded oak barrens of Minnesota (White
1983, Peterson and Reich 2001).
Frequent fire will shift woody species composition toward those that are more fire
tolerant, such as oaks, after which occasional hot fires separated by a 5-10 year gap could be
essential to recruit new cohorts for the canopy and to maintain savanna species and structure
(Apfelbaum and Haney, 1987). Infrequent fire leads to encroachment of shade-tolerant and fireintolerant species and the subsequent transition to later successional stages (Spurr and Barnes,
1980; Brose et al., 1999). Smaller size classes of trees found in oak communities tend to be
comprised of fire-intolerant species (e.g., red maple) that invade sites between fires, which
makes fire frequency an important consideration (Leach and Givnish, 1999). Repeated dormantseason burning in the Cumberland Plateau has been shown to reduce regeneration of red maple
and other non-oak competitor species (Arthur et al., 1998). Wendel and Smith (1986) reported
that the influence of fire on fire-intolerant species diminishes three years post-fire, suggesting a
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target frequency to limit competition from these species. The greater sprouting ability of oak
species suggests they will persist longer than their competitors with repeated fires (Hutchinson
and Sutherland, 2000), but others have noted the prolific sprouting abilities of some oak
competitors (e.g., red maple) even after multiple fires (Arthur et al., 1998; Blankenship and
Arthur, 2006). In general, competitor saplings decrease with the increases in disturbance
(Wendel and Smith, 1986; Elliot et al., 1999; Blankenship and Arthur, 2006). Also, the lack of a
recent good seed year can eliminate the benefits to oak regeneration of a single prescribed burn
(Nyland et al., 1982, Merritt and Pope, 1991). Oak reproduction competitiveness is improved by
a series of fires during the early stages of stand development (Kruger and Reich, 1997; Brose and
Van Lear, 1998; Barnes and Van Lear, 1998).
The focus of most managers in the Mid-South intent on fire-dependent ecosystem
restoration is often on fire frequency, which results in overlooking the effects of fire intensity.
Effectively recreating savannas and woodlands from the result of successional advance using fire
alone often nearly necessitates high-intensity fire (King, 2000). However, legitimate safety
concerns and public perceptions often render this strategy an impossibility, not to mention a
waste of valuable timber. Low-intensity prescribed fires are often the target for managers
because of the ease at which they can be controlled, and the associated limited amount of
overstory mortality (Anderson, 1982). However, low-intensity fire has been shown to do little in
controlling woody understory vegetation or changing overall species composition (Wendel and
Smith, 1986; Van Lear and Waldrop, 1989). The gradient between safety and ecological benefit
would suggest that moderate fire-intensities are the most appropriate for savanna and woodland
restoration (Brose and Van Lear, 1998), especially if mechanical thinning is used in conjunction
to alter overstory structure (Nielsen et al., 2003). Elevated fuel loads that result from overstory
manipulations should be considered in efforts to achieve the appropriate fire intensity. Adequate
fine fuel loads, including grassy herbaceous material not found in degraded savannas and
woodlands, must be present to achieve fire intensities capable of controlling woody
encroachment (Nielsen et al., 2003). Where fine fuels were lacking, early spring fire application
alone was not effective in controlling woody saplings and shrubs (Tester, 1989; Peterson and
Reich, 2001).
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Brose and Van Lear (1998) reported the best results in restoring historical oak ecosystem
species compositions with medium to high fire intensities, even though historically fire intensity
within mixed oak forests of the region were low in severity (Guyette et al., 2006; Shumway et
al., 2001). Low-intensity fire has been shown to do little in positively affecting oak regeneration
(Iverson et al., 2004; Apsley and McCarthy, 2004). In contrast, other studies have documented
positive oak response to low-intensity fires (Barnes and Van Lear, 1998; Adams and Rieske,
2001). Higher intensity fires can dramatically affect stand composition, as observed following a
single burn that killed 70% of fire-intolerant red maples within the understory (Reich et al.,
1990). The competitive position of oak regeneration increased with increasing fire intensity due
to higher rates of mortality among competitor seedlings versus oak seedlings (Brose et al., 1999).
Intense burns alter understory vegetation and influence the overstory (Elliot et al., 1999) in ways
that can positively impact oak regeneration (McCarthy et al., 1987, Goebel and Hix, 1997). The
hypothesis that intense fires promote oaks is supported by Loftis (1990). He reported greater
survival of northern red oak (Quercus rubra) seedlings following a reduction in overstory
density simulating the effects of high-intensity fire, compared to a reduction of understory
density simulating the effects of low-intensity fire. High intensity fires are not always
accompanied by positive oak regeneration responses. In a West Virginia study, density of
northern red and chestnut oak advanced regeneration decreased 5 years after a fire that reduced
overstory basal area by 17 percent, and was accompanied by a slight increase in red maple
density (Wendel and Smith 1986).
Any application of fire will immediately reduce the woody midstory; however, dormantseason fire will only temporarily lower its overall height. Growing-season fire can, over time,
remove the layer. Dormant-season fires are ineffective at reducing hardwood stems because of
prolific resprouting (Thor and Nichols, 1973; Blewett, 1976; Waldrop et al., 1987). This
response to dormant-season fire has also been observed in pine savanna systems (Waldrop et al.,
1992; Drewa et al., 2002, 2006). Dormant-season burning can actually increase the abundance of
hardwood rootstocks (Waldrop et al., 1987). Similarly, work in the Highland Rim of Tennessee
concluded that dormant-season burns provide little control of woody vegetation (Thor and
Nichols, 1974). Growing-season fires are more damaging to woody species than dormant season
fire regardless of species (Waldrop and Lloyd, 1991). Summer burns have been observed to
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control undesirable woody species more effectively than dormant-season burns in grassland
systems (Blewett, 1976; Gruchy et al., 2006). Late summer fires reduced woody stem densities,
including oaks, although to a lesser extent than their competitors, in two Virginia studies (Keyser
et al., 1996; Brose and Van Lear, 1998).
The mechanism for this differential response to season of burn by oaks and their
competitors has been suggested to involve the seasonal variation in root carbohydrate reserves.
In temperate regions, woody plants normally deplete reserves during leaf out, replenish them
throughout the growing season, and gradually use them for respiration throughout the dormant
season (Loescher et al., 1990; Johansson, 1993; Droege, 1996). Top-kill that occurs during the
dormant season will have less of an impact on regrowth than top-kill that occurs during the
growing season when root reserves are reduced (Kays and Canham, 1991; Johansson, 1993).
More carbohydrates are in above-ground tissues in the growing season, and top kill during this
time leaves fewer reserves for winter respiration and resprouting the following spring (Drewa et
al. 2002). The disproportionate investment of oaks in root development results in the disparity of
growing season burn effects between oaks and their competitors (Hodgkins, 1958; Ferguson,
1961; Langdon, 1981; Brose and Van Lear, 1998). Examinations of oak reproduction within
savanna settings support this hypothesis in identifying the major recruitment pool for oaks as
sprouts from established root systems (grubs) of unknown age (Apfelbaum and Haney, 1987).
These observations support the use of growing-season fire application in reducing woody
encroachment, however; perhaps not all growing-season fires are equal in their effects. Evidence
certainly exists that late growing-season fire application (August-October) reduces woody stem
densities to a greater degree than early growing-season fire (March-May) (Keyser et al., 1996;
Brose and Van Lear, 1998; Gruchy et al., 2006; Jackson et al. 2006, Harper and Gruchy 2009),
but a viable explanation for this occurrence requires further research. The root carbohydrate
theory fails as an adequate explanation for the differential effects observed between late and
early growing-season fire application because root carbohydrate levels are lowest at leaf out in
the spring, and subsequently rise over the remainder of the growing-season (Loescher et al.,
1990; Johansson, 1993; Droege, 1996; Buckley and Evans, 2004). The answer may be found in
fire behavior differences between early and late growing-seasons or physiological differences
among woody species, but evidence suggesting the greater effect of late growing-season fire on
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reducing woody stem density supports its preferential use in savanna and woodland restoration
and warrants further research.
The greater intensity of growing-season fires has also been proposed as the mechanism
behind positive oak response (Brose and Van Lear 1998, Brose et al. 1999). In the hardwood
forests of the Mid-South, the main carrier of fire is leaf litter, which differs in flammability with
site and time of year (Wade et al. 2000). In regions where considerable differences in fuel
consumption exist among burning seasons, the effects of prescribed fire season appear to be
driven more by fire-intensity differences among the seasons than by phenology or growth stage
of organisms at the time of fire (Knapp et al., 2009). When fuel consumption differs little among
burning seasons, the effect of phenology or growth stage of organisms is often more apparent in
governing fire effects (Knapp et al., 2009). In general, fuel consumption and fire intensity do not
appear to differ consistently with season in the Mid-South, suggesting that plant phenology and
growth stage differences between the burning seasons may be a more important predictor of fire
effects in the Mid-South (Knapp et al., 2009). This conclusion, that seasonality rather than
intensity is the best determinant of fire effects, is supported to a greater degree when one
considers that nearly all prescribed fires are conducted within a prescription that results in low to
medium fire intensities stemming from safety and control concerns.
Spring burns have been suggested as the best opportunity to enhance oak regeneration
due to significant competitor reduction and minimal oak mortality (Brose and Van Lear, 1998).
Late growing-season burning opportunities can be limited by weather, as steady winds of 5-10
km hr-1 are needed to offset higher humidity and the partial shade of shelterwood cuts (Brose and
Van Lear, 1998). Because of high root carbohydrate levels, several dormant-season burns are
required to yield the effects of one growing-season burn (Brose and Van Lear, 1998). However,
the number of studies examining season-of-burn in hardwood stands is limited (Knapp et al.,
2009).
Restoration Using Midstory Herbicide Treatments
The reduction of woody midstories through the use of herbicides could assist in the
restoration process through its near immediate positive effects on the herbaceous understory, oak
regeneration, and avian communities. Herbicide treatments could potentially reduce the
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restoration timeframe even further without significant impacts on desirable vegetation (Ansley
and Castellano, 2006; Walker and Silletti, 2006), and ultimately reduce the overall costs of
restoration. Herbicide application to control midstory vegetation has been proven effective in
pine savanna management (Freeman and Jose, 2009), and for release of desirable advanced oak
regeneration within the understory of hardwood forests (Loftis, 1990; Bowles et al., 1994;
Lorimer et al., 1994). Little research has evaluated herbicide application as a technique to restore
oak savannas and woodlands (Lashley et al., 2009; McCord, 2011; McCord and Harper, 2011).
The best herbicide for use in oak savanna and woodland restoration would effectively
eliminate a wide range of woody species, be easily applied over large areas, have limited
negative effects on desirable understory and overstory plants, and be a commonly accepted
management option. Triclopyr (Garlon® 3A) (Dow Chemical Company, Midland, MI) has
gained prominence in forestry and has begun to replace phenoxy-herbicides due to greater
efficacy and the controversy surrounding 2,4,5-T (Walstad and Dost, 1986). It is a good
candidate for oak savanna and woodland restoration based on its commonly accepted use, nonselectivity of woody species control, and its ineffectiveness on grasses (Jackson and Finley,
2007). However, triclopyr will kill many desirable understory broad leaf herbaceous plants (Dow
Agrosciences LLC, 2005), limiting herbaceous response to grass species. Imazapyr is another
commonly accepted non-selective woody plant herbicide and its application will not result in
negative effects on understory herbaceous plants. The use of imazapyr to limit the woody
midstory could result in a superior ground-level herbaceous community, but imazapyr is not
recommended for use in hardwoods because of soil activity and potential risk to valuable
overstory species (BASF 2007). Triclopyr, which has no residual soil activity, is safe to apply
under hardwoods (Dow Agro-Sciences 2005). With scattered overstory oaks being an essential
component of woodlands and savannas, triclopyr may be a better option for restoration.
Choosing an application method that specifically targets the woody midstory and limits
drift and overspray will address concerns regarding the negative impact of triclopyr on the broad
leaf herbaceous plants and the potential for greater grass cover in treated areas. Target and
control considerations should be made before selection of a specific technique (Shepard et al.,
2004). McCord (2011) demonstrated that broadcast triclopyr treatments of the understory killed
desirable broad leaf plants and did not recommend broadcast applications for creating a robust
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herbaceous ground layer in Tennessee oak woodland restoration efforts. Foliar spray treatments
are the most cost effective and efficient option when disturbance regimes create multi-stemmed
regeneration that is difficult to control with other application methods and should result in less
mortality of desirable plants.
Current research indicates that when herbicides are used properly the negative effects on
wildlife are usually short-term, habitat manipulation objectives are successfully met, and these
habitat benefits usually outweigh any negative effects on wildlife (Tatum, 2004; Miller and
Miller, 2004; Wagner et al., 2004). Modern herbicides used in forestry are applied at low rates
(quantitatively and temporally), have LD50 values that classify them as only practically nontoxic
to slightly toxic, do not bioaccumulate, and are readily biodegradable (Jackson and Finley,
2007).
Herbaceous Ground Layer Response to Midstory Herbicide Treatments
Reducing midstory canopies has important consequences for savanna restoration by
increasing herbaceous species richness and, potentially, the occurrence of rare species (Bowles et
al., 1994). Herbaceous species richness was reported to be negatively related to sapling density
by Barrioz et al. (2013), and the study concluded that the second canopy formed by midstory
woody plants had important consequences for savanna restoration through its impacts on the
herbaceous layer. Overstory reduction is critical for increasing herbaceous vegetation, but
sapling reductions should enhance the herbaceous component even further (Barrioz et al., 2013).
Woody encroachment reduces the extent of the herbaceous ground layer through competition for
light and resources, but also through the alteration of fire intensity regimes by the reduction of
fine herbaceous fuels (Rebertus et al., 1993; Jacqmain et al., 1999). These observations stress the
need for midstory control in the restoration of the herbaceous layer, and such control is possible.
Intensive woody control herbicide treatments have increased the richness and abundance
of understory herbaceous plants at 13 locations in 7 states throughout the South (Miller et al.,
2003). Management in the Cross Timbers of Oklahoma has successfully used herbicides to
control brush and increase herbaceous vegetation for livestock grazing goals, essentially creating
savanna (Stritzke et al., 1991). Broadcast herbicide applications in an effort to create oak
woodlands in Tennessee reduced the density of stems >1.4 m tall and <11.4 cm DBH by 87%
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and produced greater light infiltration than overstory manipulation alone where the midstory was
still intact (McCord, 2011). Additionally, a study investigating long term herbaceous response to
six different herbicide applications for pine release found no difference in total herbaceous
species richness or diversity 11 years post application between the differing chemical treatments
and control plots, and concluded that the herbicide used did not limit recolonization by local
flora (Miller et al., 1999). Applications of herbicides reduced woody encroachment and were
found to increase herbaceous groundcover compared with untreated controls by Gruchy et al.
(2006), with imazapyr treated plots containing higher cover of desirable legumes and triclopyr
treated plots containing the highest cover of cool- and warm-season grasses.
Studies conducted in southwestern Georgia and west-central South Carolina concluded
similarly that herbaceous species richness and diversity were not differentially affected by the
chemical used in site preparation (Brooks, 1992; Rodrigue, 1992; Moore, 1996; Sparling, 1996;
Branch, 1998). Multiple studies have found no difference in herbaceous species richness between
chemical and mechanical site preparation methods (Blake et al., 1987; Hurst et al., 1994;
O’Connell and Miller, 1994). The results of these studies suggest that the removal of woody
midstory vegetation has a greater impact on the herbaceous layer than the specific chemical
treatments used.
In contrast, herbicide use to control woody encroachment may decrease herbaceous
species richness within pine savannas (Neary et al., 1991; Wilkins et al., 1993). Tank mixes are
often advantageous in their broader spectrums of woody species control, but this broad spectrum
may also have negative implications for native plant communities (Keyser and Ford, 2006).
Regardless of the chemical treatment used, negative impacts on herbaceous plants are usually
short term and followed by quick and complete recovery to pre-treatment levels, and structural
improvements outweigh negative effects (Guynn et al., 2004; Miller and Miller, 2004; Keyser
and Ford, 2006).
Herbicides can remove competing woody vegetation without disturbing the soil which
promotes herbaceous dominance of the understory (Freeman and Jose, 2009). The initial positive
effects of herbicide midstory control on the herbaceous layer may be gone by the fourth year
following treatment, but initial shrub control can allow the herbaceous community to gain a
foothold in the understory and result in the persistence of beneficial effects even after the shrub
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layer rebounds (Freeman and Jose, 2009). The high diversity of herbaceous plants found in oak
savannas (Brudvig and Asbjornsen, 2008) and the potential of non-target damage by herbicides
(Wilkins et al., 1993; Keyser and Ford, 2006) warrants research into the efficacy of these
chemicals in restoring the herbaceous ground component of oak savanna and woodland
communities.
Woody Plant Community Response to Midstory Herbicide Treatments
Herbicide application can be a useful tool in accomplishing oak savanna and woodland
woody plant community restoration objectives, such as the creation of a distinctly two layered
environment typical of oak savanna and woodland communities (Bray, 1960; Peterson and
Reich, 2001; Scholes and Archer, 1997). Nearly continuous subcanopy layers of shade-tolerant
oak competitor species, such as red and sugar maple (Acer saccharum), are a common
observation in the Mid-South and have been reported to increase in density and size over time
(Lorimer et al., 1994). Overstory thinning only encourages the growth of this subcanopy layer
(McGuire et al., 2001, Kirkman et al., 2007; Pecot et al., 2007; McCord, 2011) and fire alone can
often be ineffective in reducing its extent (Nielsen et al., 2003). The reduction of the woody
midstory is crucial for herbaceous (Bowles et al., 1994) and oak regeneration gains (Lorimer et
al., 1994). Although herbicides cannot replace the appropriate application of fire, especially in
regard to seasonality, they can be a useful tool in accomplishing management objectives not
easily met by fire alone (Wigley et al., 2002). When used appropriately, forestry herbicides are
certainly capable of obtaining the results they were designed for; reducing woody invasion (e.g.
Gruchy et al. 2006) benefitting oak savanna and woodland restoration goals. The size of these
benefits relative to the additional restoration costs is an important research question.
Midstory reduction is also important in the context of oak regeneration establishment and
release. In cut stands, oak competitors increase in dominance and form dense sub-canopies to the
exclusion of more shade-intolerant oaks (Abrams, 1998). Understory shrubs and woody
vegetation also compete with tree seedlings for limited resources and may depress tree
recruitment (Beckage et al. 2008). Lorimer et al. (1994) suggested that the shade cast by the
woody understory layer may be just as important, and possibly more important, than the shade
cast by the main canopy itself in hindering oak regeneration.
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Examples of herbicides used in the Mid-South that have resulted in successful oak release
have included imazapyr (Arsenal and Chopper) (Ezell et al., 1999), picloram+2,4-D (Tordon
101) (Loftis, 1990; Lorimer et al., 1994), 2,4,5-T (Johnson and Jacobs, 1981; Johnson et al.,
1989), and glyphosate (Johnson et al., 1986). Since oaks are equally susceptible to most
herbicides that control their competitors (Loftis and McGee, 1993), the principle form of control
comes from selective application techniques that target competitor species. When competing
vegetation routinely develops foliage earlier than present oak species, foliar-active herbicides are
can be used to remove competition before oaks break bud (Smith, C.H., 1993). Unwanted
damage to oak regeneration can be limited by cutting the oaks before herbicide is applied, and
resprouting will occur the following growing season (Holt et al., 1981). The methods of
herbicide application for oak release vary widely, including direct injections, direct application to
cut sprouts and stumps, foliar spray techniques, basal bark or soil application, and over larger
areas in broadcast, grid, or banded patterns (Bovey, 2001).
Where the midstory was cut and treated with herbicide (Picloram), >90% of planted oak
seedlings survived and averaged 50-96% total height increase compared with 26% survival and
net decreases in height of surviving seedlings within untreated units (Lorimer et al., 1994). In the
same study, Lorimer et al. (1994) also reported 10-140 times as many natural oak seedlings in
treated units compared to untreated units after 5 years. Prior research has demonstrated the
potential value of herbicide treatments for releasing oak regeneration by competition control
(Johnson and Jacobs, 1981; Loftis, 1988; Loftis, 1990; Lorimer et al., 1994). Ezell et al. (1999)
reported oak seedling survival was higher where oak competitors were treated with direct
injections of imazapyr. Midstory control with herbicides has been implemented in the
Appalachians with short-term success in promoting growth of shade-intolerant species
(Kochenderfer et al., 2001). In another study, herbicide treatments generally improved the
competitive status of oaks, but red maple remained common in the seedling and regeneration
classes (Lewis et al., 2006).
The use of herbicides in midstory oak competition control may be an effective and
inexpensive tool where fire alone has been ineffective at reducing this competitive layer (Welch
et al., 2004; Watts et al., 2006). It also provides the advantage of selective application, with
obvious positive impacts on desirable species. With oak savanna and woodland restoration as the
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ultimate goal, a delicate balance between oak sapling reduction to encourage herbaceous growth
and the maintenance of adequate oak regeneration would need to be accomplished.
Considerations of this balance are crucial since oak seedlings are susceptible to most herbicides
used to control their competitors (Dey et al., 2008). Direct injections are extremely efficient at
eliminating unwanted damage to the overstory and oak regeneration (Ezell et al., 1999). Lorimer
et al. (1994) pointed out that broad application by foliar spray had no impact on planted oak
seedling survival, suggesting that even broad application methods can be selective.
Combined Management Effects on the Herbaceous Ground Layer
Combining management techniques provides the best strategy in the restoration of the
herbaceous components of open-oak communities. McMurry et al. (2007) observed that thinning
in conjunction with burning yielded greater herbaceous diversity than burned only, control, and
thinned only plots. Similarly, Abella et al. (2001) determined that the use of burning and thinning
resulted in an increase in the richness of native ground layer vegetation within three years. Heavy
thinning and burning in a southern Appalachian forest resulted higher densities and coverage in
comparison to pre-treatment levels for multiple species of forbs, graminoids, and legumes
(Clinton and Vose, 2000). Masters et al. (1996) followed wildlife stand improvements (thinning
of the midstory and some co-dominant trees) with prescribed fire in an oak-pine forest in the
Ouachita Mountains in Arkansas and observed dramatic increases in the herbaceous layer. In
attempts to increase herbaceous vegetation for grazing, management in the Cross Timbers
observed increases in fine fuel release in the form of herbaceous vegetation as the result of
herbicide removal of brush, which resulted in substantially more area burned and a significant
effect of fire on woody vegetation (Stritzke et al., 1991). Working in a Tennessee oak forest,
Jackson et al. (2006) concluded that in the short-term, fire-intolerant herbaceous species may be
set back by prescribed fires following harvest of the overstory, while fire-tolerant species were
stimulated. Few studies, however, provide information on the combination of fire and overstory
thinning on the herbaceous vegetation within oak ecosystems (Hutchinson et al., 2005; Lashley,
2009; McCord, 2011).
Relatively few studies to date that have incorporated the use of herbicide control of the
midstory woody vegetation in conjunction with fire and overstory thinning in attempting to
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restore oak savannas and woodlands. Those that have stress the need for continued aggressive
fire management to maintain any gains toward restoration goals achieved by either overstory
manipulations or herbicide treatments (McCord and Harper, 2011; McCord, 2011). Understory
disturbance that included prescribed fire and broadcast herbicide treatments significantly reduced
midstory density, but without repeated prescribed fire woody vegetation quickly rebounded
within 2 years and no increase in herbaceous groundcover was observed (McCord, 2011). Quick
shrub resprouting after dormant-season fire caused Freeman and Jose (2009) to conclude that
herbaceous layer gains in establishing and managing closely related pine savanna communities
using herbicide applications could be lost without the aid of an aggressive prescribed fire
program. Some studies have found no difference between burned and herbicide treated plots
compared to burned only plots with respect to herbaceous community parameters (Miller et al.,
1999). The relative importance of fire over herbicide release of the herbaceous ground layer was
again stressed by Provencher et al. (2001) who found that the least effective and least expensive
method of hardwood midstory control, fire, yielded the greatest benefit to the herbaceous layer in
a pine savanna management context.
Combined Management Effects on the Woody Plant Community
Likewise, the best strategy for limiting woody encroachment in an oak savanna and
woodland restoration context and correcting species compositional shifts that have occurred as a
result of fire suppression and successional advance involve multiple management techniques. For
fire to adequately maintain community characteristics, fine fuel loading must be high enough to
support fire intensities capable of woody plant control (Tester, 1989; Peterson and Reich, 2001).
Herbicide applications not only directly reduce woody plants, but increase fine fuel loads that
amplify fire intensity and further reduce the midstory layer when subsequent prescribed fire is
applied (Stritzke et al., 1991; Brockway and Outcalt, 2000; Welch et al., 2004; Freeman and
Jose, 2009). A retention cut followed by broadcast triclopyr application showed an 87%
reduction in the density of stems >1.4 m tall and <11.4 cm DBH over retention cut alone, and
that reduction was increased to 99% through the addition of prescribed fire, illustrating the
combined effects of multiple forms of midstory management (McCord, 2011).
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A proposed management approach for upland oak regeneration is the shelterwood-burn
technique, which involves treating shelterwood-harvested stands with ample advanced oak
regeneration with periodic spring or summer burns (Brose et al., 1999). Studies that have failed
to conclude positive benefits of fire on oak regeneration (Teuke and Van Lear, 1982; Wendel and
Smith, 1986; Merritt and Pope, 1991) have often lacked an overstory removal treatment and have
failed to include the appropriate seasonal application of fire (growing-season) and measures of
fire behavior, including fire intensity comparisons, fuel loading, and weather conditions. These
studies have also lacked an unburned control or replication of treatments, and reported results
were short-term (1-or 2-year post-burn) (Brose, 2010).
Low intensity fires in thinned stands did not result in the establishment of new oak
seedlings on mesic or xeric oak sites in Indiana (Dolan and Parker, 2004). In contrast, low
intensity prescribed fires initiated several years post-harvest reduced fire-intolerant species, such
as red maple and tulip poplar, and promoted the regeneration of oaks (Brose et al., 1999). These
results highlight that the timing between overstory thinning and initial prescribed fire is an
important consideration in promoting oak recruitment. Several years between shelterwood cuts
and subsequent fire allows oaks to develop large root systems that enable them to withstand
subsequent fires (Kelty, 1989; Kolb et al., 1990; Kruger and Reich, 1997; Albrecht and
McCarthy, 2006). Fires immediately following shelterwood cuts have shown substantial oak
mortality (Johnson, 1974; Wendel and Smith, 1986). The timing between these treatments is also
important in that it allows time for fire resistant yellow poplar seeds (Shearin et al., 1972) to
germinate into seedlings with little defense against fire (Barnes and Van Lear, 1998). The
combination of high-intensity fire and thinned stands has produced results indicating the positive
response of oak regeneration (Keyser et al., 1996, Ward and Gluck, 1999; Ward and Brose,
2004).
Where fire alone is truly ineffective at controlling woody midstory competition, selective
herbicide application may be a useful tool in aiding the release of oak regeneration. Indeed,
Lorimer et al. (1994) ) pointed out that increases in oak growth rates (6.1 cm yr-1) were relatively
slow compared to their competitors (20 cm yr-1) suggesting that oak regeneration would be
overtopped and the benefits of the initial herbicide treatments would disappear without
subsequent disturbance such as fire. Other studies within the savanna management context have
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concluded that the initial benefits seedlings gained from herbicide application were
overshadowed within four years of treatment (Freeman and Jose, 2009). This point in reiterated
by Lashley (2009) within an upland hardwood setting with observations concerning the quick reestablishment of woody plants after 2 years in plots treated with triclopyr that lacks residual soil
activity. A similar reestablishment of treated woody plants was observed by McCord and Harper
(2011) by the following growing season. Stritzke et al. (1991) found that the total canopy cover
of midstory brush was affected more by herbicides than by fire, and growing-season fire
application was used. Light levels can be significantly increased through the removal of midstory
growth, but to achieve the 30-50% of full sunlight levels required for maximal oak regeneration
growth, overstory reductions are imperative (Dey et al., 2008). Higher overstory densities, which
can aid in limiting the growth of shade intolerant competitors, can be maintained without adverse
effects on oak regeneration if adequate reduction of midstory competition is achieved (Loftis,
1990). The reverse is also true in that residual overstory density may be kept low if undesirable
midstory stems are treated with herbicides (Lorimer et al., 1994). Research that examines the use
of fire, overstory thinning, and herbicide use in attempts to benefit oak regeneration within the
context of holistic open-oak community restoration is lacking within the current body of
knowledge.
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II. VEGETATION RESPONSE TO OVERSTORY DISTURBANCE AND
SEASON OF BURN DURING OAK WOODLAND AND SAVANNA
RESTORATION IN THE MID-SOUTH USA
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Abstract
Oak woodlands and savannas in the Mid-South have declined dramatically as a result of
fire suppression and subsequent succession. Widespread losses in herbaceous biodiversity,
increasing densities of mesophytic woody plants, and the near absence of Quercus regeneration
have accompanied these trends. Therefore we evaluated groundcover, herbaceous richness and
diversity, and seedling and sapling density response to 5 restoration treatments (2 replicates
each) allocated in 20-ha experimental units under a CRD: a factorial combination of growingseason fire (Grow), dormant-season fire (Dorm), high basal area retention (H, 14 m2 ha-1 residual
basal area), low basal area retention (L, 7 m2 ha-1), plus an undisturbed control. Our study was
located on the Cumberland Plateau in Tennessee. Canopy disturbances were completed in
September 2008 and prescribed fires on October 11, 2010 (Grow) and March 22, 2011 (Dorm).
We monitored vegetation response using a 50-meter point-intercept transect, where groundcover
was characterized at 1-m intervals, and 7 fixed-area seedling and sapling sub-plots during 20082012 (n=15/unit/year). We developed repeated measures ANCOVA/ANOVA models for each
dependent variable. We observed only 8 herbaceous species in 2008, but by 2012 we
documented 187 herbaceous species. Native cool-season grasses, notably Piptochaetium
avenaceum, dominated the herbaceous layer. Herbaceous groundcover increases were greater in
L than H (p < 0.05). We observed increases (p < 0.05) in herbaceous groundcover following fire,
but no differences between fire-season treatments. Woody groundcover increased more than twofold from 2008-2012 across all treatments (p < 0.05), and GrowL was intermediate between
control and all other treatments (p < 0.05) for this measure. Oak seedling densities increased (p <
0.05) in response to our treatments; however, oak competitor densities, largely Acer rubrum,
increased in all treatments aided by prolific re-sprouting post-fire. Negative response to fire was
less for sapling oaks than their competitors and other species, but substantial re-sprouting into
the smallest midstory size class (<2.54 cm DBH) by competitors and other species following
both fires limited oak competitive gains. Overstory snag densities increased (p < 0.05) by the
second year post-fire in all burn treatments versus control. Herbaceous gains in cover, richness,
and diversity were related by linear, quadratic, and cubic functions to overstory basal area and
canopy cover reduction. Greater canopy disturbance produced greater restoration goal gains, but
the difference between October and March fires was minimal. Alternate growing-season burn
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dates (April or August/September) may accelerate oak woodland and savanna restoration,
including native ground layer vegetation and oak regeneration.
1. Introduction
Oak savannas and woodlands were once extensive (Davis et al. 2002; Delcourt et al.,
1998; DeSelm, 1994; Nuzzo, 1986; Van Lear and Waldrop, 1989), but are now among the most
threatened vegetation communities in North America (Noss and Peters, 1995). Furthermore,
temperate grasslands, savannas, and shrublands have been identified as the single most
endangered terrestrial biome in the world (Hoekstra et al., 2005). In an era of rapid habitat loss
and fragmentation, the restoration of open-oak communities would benefit a wide variety of
plant and wildlife species as a result of their successionally transitional nature (Davis et al.,
2000). Oak savannas are defined by sparse oak dominated overstories, with canopy cover
ranging from 10 to 30%, and the presence of a rich, diverse ground layer of grasses, forbs, and
legumes (Faber-Langendoen, 2001; Leach and Givnish, 1999; Nelson, 2002). Oak woodlands
have greater canopy coverage but maintain robust ground layer herbaceous vegetation (Taft,
1997). The herbaceous plant diversity found within these communities is greater than that of
either prairies or forests (Belsky et al., 1989; Leach and Givnish, 1999). However, fire exclusion
has resulted in successional advance, accompanied by canopy closures, accelerated woody
encroachment, and associated light reductions, all leading to widespread plant diversity losses
within oak savanna and woodland remnants (Breshears, 2006; Brudvig and Asbjornsen, 2009b;
Kirkman et al. 2001).
Woody encroachment is one of the greatest threats to maintenance of early successional
vegetation types (Briggs et al., 2005). Woody encroachment can reduce, eliminate, or preclude
the establishment of critically important herbaceous vegetation (Barrioz et al., 2013; DeSelm and
Clebsch, 1991; Kirkman et al., 2007; Lett and Knapp, 2003) by altering resource availability
(Norris et al., 2001; Lett and Knapp, 2003). In contrast, the maintenance of oak regeneration is a
potential concern for the sustainability of oak savannas and woodlands. The increased
dominance of fire-intolerant, mesophytic species and associated declines of fire-tolerant,
xerophytic species like oaks (Abrams, 1992, 1998; Lorimer 1994; Johnson et al., 2009) is a
widespread phenomenon in eastern oak ecosystems (McGee, 1984; Parker et al., 1985; Abrams
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and Downs, 1990). Even where canopy disturbances occur, oaks are often rapidly overtopped by
mesophytic competitor species in the absence of fire (Aubrey, 2004; Van Lear, 2004). Therefore,
managing woody encroachment requires striking a balance between removing enough midstory
to foster a dominant herbaceous ground layer and shifting the dominance of remaining woody
regeneration toward desirable fire-tolerant species.
The decline and current status of oak savannas and woodlands and their associated
biodiversity presents a strong mandate for restoration efforts (Curtis, 1959; Noss and Peters,
1995; Leach and Givnish, 1999; Davis et al., 2000; Grundel and Pavlovic, 2007). Within the
Mid-South, research regarding oak savanna restoration is nearly non-existent (Barrioz et al.,
2013) and oak woodland restoration research is limited (Jackson et al., 2006; McCord and
Harper, 2011), resulting in a lack of proven and efficient restoration strategies. Successful
restoration of these community types is contingent upon restoring appropriate disturbance
regimes. Because fire suppression has resulted in the succession of these fire-dependent
communities into closed-canopy forests with a substantial component of fire-intolerant species
(Anderson et al., 1999; Delcourt et al., 1986; DeSelm, 1994; Heikens and Robertson, 1994;
McPherson, 1997; Peterson and Reich, 2001), reinstatement of fire will be critical to successful
restoration. However, our understanding of how this process is best accomplished and how fire
regulates vegetation structure and composition within oak savannas and woodlands remains
limited (Leach and Ross, 1995; Peterson et al., 2007).
Present fire suppression has resulted in successional changes that may best be corrected
by growing-season fire. Advantages of growing- over dormant-season fire include greater woody
plant mortality (Gruchy et al., 2006; Waldrop and Lloyd, 1991), greater oak competitor
reductions with comparatively minimal oak mortality (Brose and Van Lear, 1998; Keyser et al.,
1996; Kruger and Reich, 1997), and greater gains in the herbaceous ground layer (Schwartz and
Heim, 1996; Keyser et al., 2004; White et al., 1991). Where fire is still used in eastern oak
ecosystems, managers tend to rely on dormant-season burning that often results in prolific
resprouting of woody vegetation (Knapp et al., 2009). Relatively little is known about how fire
affects herbaceous layer development within the context of oak savanna and woodland
restoration (McPherson, 1997), and our understanding of the effects of seasonal variation in fire
on herbaceous communities of hardwood ecosystems in the Mid-South is limited (Gilliam and
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Roberts, 2003; Knapp et al., 2009). Furthermore, research into the potential ecological tradeoffs
in implementing fire for oak regeneration is needed (Arthur et al., 2012), specifically within the
context of woodland and savanna management.
Overstory disturbance is critical to herbaceous ground layer restoration (Brudvig and
Asbjornsen, 2009b; Leach and Givnish, 1999; Peterson et al., 2007) and the promotion of
healthy, fire-tolerant regeneration conducive to maintaining the vegetation type (Brose et al.,
2012; Brudvig and Asbjornsen, 2009a; Loftis, 1990). Fire is slow to alter the overstory, and it is
possible to cross an ecological threshold beyond which fire alone cannot reinstate communityspecific characteristics (Nielson et al., 2003; Peterson et al., 2007; Peterson and Reich, 2001).
Therefore, including mechanical disturbance of the overstory not only accelerates the restoration
process (Bowles and Mcbride, 1998), but also yields the best results with respect to structure and
diversity and can generate revenue to offset restoration costs (Laubach, 2000; Nielsen et al.,
2003). Studies of herbaceous layer response to overstory thinning within oak ecosystems are
limited in the literature (Hutchinson, 2006), and additional research into the combined use of fire
and overstory disturbance to improve oak regeneration is warranted (Brose et al., 2012).
Based on these observations, we designed an experiment to document the response of
herbaceous and woody vegetation to variations in restoration strategy from a closed-canopy
starting point. Specifically, we sought to assess the effects of canopy reduction level and season
of burn (dormant- vs. growing-season) on key measures of restoration success including:
1. herbaceous groundcover, specifically graminoid, forb, legume, and fern, and
herbaceous species richness and diversity;
2. size-class specific stem densities of oaks, oak competitors, other tree species, vines
and shrubs, and brambles, and total woody groundcover; and
3. snag densities.
Our review of oak savanna and woodland literature led to the identification of three general goals
against which restoration progress could be evaluated:
1. dominance ( ≥ 60 % groundcover) of herbaceous plants within the ground layer;
2. large midstory ( > 2.54 but < 12.7 cm DBH) densities < 50 stems ha-1;
3. oak dominated midstories ( > 75% of large midstory stems).

70

Our ultimate goal was to identify the most efficient strategy for restoration of healthy and
sustainable oak savannas and woodlands in the Mid-South. Herbaceous ground layer gains, oak
regeneration improvements, and woody encroachment control are critical indicators of successful
oak savanna and woodland restoration strategies.
2. Methods
2.1 Study Area
Our research was conducted at Catoosa Wildlife Management Area (CWMA), a 32,374
ha property owned and managed by the Tennessee Wildlife Resources Agency (TWRA), located
in Cumberland, Morgan, and Fentress Counties, Tennessee (84° 84' 59.10" N, 36° 07' 81.70" W).
The CWMA is located in the Cumberland Plateau and Mountains physiographic region (DeSelm,
1994). Forests were established during the 1920s following agricultural abandonment and
logging followed by a period (1930’s and 1940’s) of free-range, summer grazing, with associated
spring fires. At the time of our study, forests consisted of oak-dominated, upland hardwoods and
pine-hardwood stands approximately 80 - 100 years old. Shortleaf Pine (Pinus echinata) had
been a major overstory component prior to a pine bark beetle (Dendroctonus frontalis) outbreak
in 1999-2000. Salvage cutting began in 2002, and the initiation of an oak savanna restoration
project by TWRA followed.
Elevations within our study area ranged from 437-521 m, slopes from 1 – 60 %, and
average stand aspects from 131-267°. Soils included Gilpin, Lonewood, and Lily loams, all of
which are mesic typic Hapladults (USDA Natural Resources Conservation Service, 2010) over
weathered sandstone and conglomerate from the Pennsylvanian geologic age (USGS, 2005).
From 1971 to 2000 the average annual precipitation was 153 cm and the mean annual
temperature was 12 °C in nearby Crossville, TN (NOAA Climate Data Center, 2009). Pretreatment overstory in 2008 was dominated by red maple (Acer rubrum; 2.9 m2 ha-1), white oak
(Quercus alba; 2.9 m2 ha-1), sourwood (Oxydendrum arboreum; 1.9 m2 ha-1), southern red oak
(Q. falcata; 1.8 m2 ha-1), black oak (Q. veluntina; 1.6 m2 ha-1), hickory (Carya spp; 1.1 m2 ha-1),
scarlet oak (Q. coccinea; 1.0 m2 ha-1), blackgum (Nyssa sylvatica; 0.8 m2 ha-1), and post oak
(Quercus stellata; 0.8 m2 ha-1). Midstories were comprised of blackgum (Nyssa sylvatica),
downy serviceberry (Amelanchier arborea), red maple, sourwood, and sassafras (Sassafras
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albidum). The ground layer contained relatively few grasses, forbs, and legumes, and was
dominated by Vaccinium spp., woody plant regeneration, and litter. At the start of the study,
mean canopy cover within treatment units was >80%, mean live basal area >14 m2 ha-1, and
mean live overstory stem density (trees >12.7 cm DBH) >270 stems ha-1 (Table 1).
2.2 Experimental Design
We delineated ten 20-ha stands configured to minimize topographic variation and
maximize core area during spring, 2008. Using a completely randomized design with two
replicates (Figure 1), we randomly assigned one of 5 treatment levels to each stand: growingseason fire and high residual basal area (14 m2 ha-1; GrowH), growing-season fire and low
residual basal area (7 m2 ha-1; GrowL), dormant-season fire and high residual basal area (14 m2
ha-1; DormH), dormant-season fire and low residual basal area (7 m2 ha-1; DormL), and
unmanaged control stands (Control). Overstory canopy reductions were completed by
commercial logging in June, 2008. We conducted prescribed fires on October 11, 2010 for the
growing-season treatments, and on March 22, 2011 for the dormant-season treatments. We
collected pre-harvest data in May – August, 2008, and post-harvest data during May – August,
2009 and 2010. We collected post-fire data during May – August, 2011 and 2012.
2.3 Vegetation Field Methods
To reduce the bias associated with edge effects, we conducted all sampling within the
core (50 m buffer) of each 20 ha stand. We sampled vegetation annually during the growing
season at plots (Figure 2) located along a 70 X 70 m grid starting from a randomly located point
within each core area until 11 plots per 20 ha stand were sampled (Avery and Burkhart, 2002).
Four additional vegetation plots were installed within each stand (n = 15 total per stand) at bird
sampling locations as a part of related avian research.
At each vegetation plot, we established a 50-m transect perpendicular to slope and
characterized groundcover using the point intercept method at 1-m intervals (Owensby, 1973;
Figure 2). At each 1-meter interval, we identified all intersecting vegetation below 1.37 m tall to
species and then categorized these as graminoid, forb, legume, fern, or woody vegetation (trees,
vines, shrubs, brambles, and greenbriers). We classified interval cover as rock, litter, bare
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ground, or woody debris when no vegetation was present. Additionally, we sampled woody
vegetation using fixed-area sub-plots located systematically within each vegetation plot. We
counted and identified to species seedling-size trees (>30.48 cm tall and <1.37 m tall; Seedlings)
in 7, 1-m2 sub-plots; five located along the groundcover transect at12.5 meter intervals, and two
located 12.5 meters from plot center in each direction perpendicular to the groundcover transect
(Figure 2). We likewise identified to species, counted, and placed into one of three size classes
(Seedling [>30.48 cm tall and <1.37 m tall], Small Sapling [>1.37 m tall and <2.54 cm DBH], or
Medium Sapling [>1.37 m tall and >2.54 but <7.62 cm DBH]) all woody vines, shrubs, and
semi-woody species (brambles/greenbriers) within these sub-plots. We sampled midstory woody
vegetation (Saplings) at 7, 3-m radius sub-plots centered at the same locations as the 1-m2 subplots (Figure 2). We identified Saplings to species, counted stems, and placed each stem into one
of three size classes based on DBH: Small Sapling, Medium Sapling, or Large Sapling (>7.62
and <12.7 cm). In 2008, we measured only 1, 1-m2 and 1, 3-m radius sub-plot, and in 2009 only
3, 1-m2 and 3, 3-m radius sub-plots per vegetation plot; additional sub-plots were added to
accommodate variation.
We sampled the overstory using an 11.3-m radius sub-plot around plot center (Figure 2).
Within this plot, we identified to species all trees >12.7 cm in DBH, placed them into 5.08 cm
interval DBH size classes, and tallied them as live or dead. We calculated total dead and live
basal area (m2 ha-1) for each plot as the sum of basal area for each overstory size class using the
midpoint radius and observed counts within each size class. We also calculated overstory stem
densities for each plot using counts of stems >12.7 cm DBH. Additionally, we recorded from
plot center percent slope, aspect, and slope position. Slope positions were assigned a numerical
code such that alluvial, cove, toe-slope, mid-slope, shoulder, and ridge were classified 1-6,
respectively. We used the average of four spherical densiometer measurements, taken at plot
center by facing each cardinal direction, as a measure of overstory canopy cover.
2.4 Fire Behavior and Intensity Field Methods
We collected data related to fire behavior and intensity, weather conditions, and fuel
moisture for each prescribed fire to help evaluate fire impacts. At half-hour intervals over the
course of each prescribed fire, we documented weather conditions including ambient temperature
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(°C), relative humidity, wind speed (m/s), wind direction, and cloud cover (0-clear skies, 1-partly
cloudy, 2-overcast) using a Kestrel© weather meter (Nielsen-Kellerman, Boothwyn, PA). Preburn, we randomly generated 3 locations within a representative stand at mesic, xeric, and ridge
locations using ArcGIS. At each location we laid out transects perpendicular to land slope and
collected 10, 22.32-cm2 fine fuel samples (litter and 1-h fuels down to the duff layer) at 1-meter
intervals. We weighed samples and then oven-dried them for 5 days at 116°C and recorded their
final weights to determine fine-fuel moisture content. Additionally, we weighed and placed 10-hr
fuel moisture sampling sticks at these locations 3 days in advance of the scheduled burn. We
weighed these sticks again 1 hr before fire ignition and used results to estimate fuel moisture
content for 10-hr fuels.
Continuously throughout the duration of each burn, we recorded estimates of rate of
spread and flame length. The common use of ring fires resulted in the majority of measurements
being made from the outer edge of burn units. We established sampling points by pacing 50 m
along the outside border of the burn unit and then traveling into the stand perpendicular to its
border until the fire front was reached. At each sampling point, we recorded the type of fire
(backing, flanking, or head), the distance traveled by the fire front, the time required to travel
that distance, and the average flame length (m) over that time period. We collected fire
temperature data through the use of ceramic tiles painted with Tempilaq® temperature indicating
liquids and wrapped in tinfoil to avoid charring. Temperature categories on each tile were 79,
107, 135, 163, 191, 218, 246, 274, 343, 371, 399, and 427 degrees Celsius. We placed tiles in
advance of each burn throughout selected stands along a 70 X 70 meter grid at the root collar and
on the north side of the nearest Sapling to each grid point. In total, we placed and retrieved 80
pyrometer tiles (29 dormant-season, 51 growing-season). Post-fire during the 2011 growingseason, we conducted measurements of scorch height at each vegetation plot location
(n=15/stand) using the 11.3-m radius overstory plot; we measured all woody stems > 12.7 cm
DBH within this plot for scorch height using a tape measure or ocular estimation when scorch
height exceeded 2.44 m.
3. Data Analysis
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We developed separate ANCOVA/ANOVA models for each groundcover and woody
vegetation measure (independent variables). All models were completely randomized designs
with repeated measures over the 5 years of data collection (2008-2012) with covariate inclusions.
We dropped repeated measure degree of freedom adjustment from all models based on small
differences in model fit between repeated measure inclusion and omission (< 5, -2 residual log
likelihood per covariance parameter; Littell et al., 2006). We used landscape (aspect, slope, and
slope position) and overstory treatment (live basal area and percent canopy cover) measurements
as covariates and only left covariates within models where significant (α=0.05). In all models, we
transformed aspect following Beers (1966), yielding a continuous variable between 0.00
(southwest aspect) and 2.00 (northeast aspect). In models involving Seedlings and groundcover,
we also included a Large Midstory (combined stem density of Medium and Large Saplings)
covariate because they pre-existed our treatments and likely would impact Seedling recruitment
and groundcover development. We did not include Small Sapling density based on the potential
to confound the effects of the fire treatments, as woody stems <2.54 cm DBH are easily impacted
by fire (Hutchinson et al., 2005a). Models for snag density only included landscape-level
covariates. Initial values of dependent variables from 2008 were not included as covariates
because we applied treatments sequentially, over time. Interpretations based on differences in
how dependent variables change over time will limit the impact of pre-treatment dependent
levels. We selected all covariates a priori based on their potential to influence dependent
variable responses.
We used linear regression to determine the relationship between all dependent variables
and scorch height. Each burned 20-ha stand’s dependent variable mean for 2011 and 2012 (postfire data) were regressed against its mean observed scorch height (n=16 burned stand × year
combinations). We used stand means instead of plot-level observations due to the high spatial
variability in fire intensity. When we found a significant relationship (α=0.05), post-fire (20112012) stand means were adjusted by the regression-derived linear equation to a predicted
dependent variable value at the mean scorch height for all observations prior to running the
ANCOVA/ANOVA analysis. Our intention for this adjustment was to limit fire intensity effects
and isolate fire-season impacts. We also regressed scorch height measurements, within an 11.3m radius plot around each tile, and pyrometer tile readings to gain a sense of the validity in using
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scorch height as a surrogate for fire intensity. For all other burn condition and fire behavior data,
we only conducted descriptive analysis for each prescribed fire date.
We calculated percent cover for each groundcover category by dividing the intercepts for
a given cover class by 50 (the total number of potential intercepts), yielding a single percent
cover for each of the 15 plots within a stand. These cover estimates were averaged by stand
within treatment and year for use in a repeated measures ANCOVA/ANOVA design analysis.
Herbaceous species richness was calculated at the plot level by totaling the number of
herbaceous species encountered over the 50 meter transect. We used this information and total
encounters for each individual species to calculate herbaceous species diversity per plot using
Shannon-Wiener’s Diversity Index (H, Magurran, 1988). Woody vegetation sampling,
conducted within the seven 1-m2 and 3-m radius sub-plots, was converted to stems ha-1. We then
averaged data to the plot level and then to the stand by treatment and year for use in analysis. To
enable general comparisons between oaks and their competitors, we pooled all oak species
within each of the Seedling and Sapling size classes (Oak). We applied the same pooling method
for oak competitors by classing maples (Acer spp.), tulip poplar (Liriodendron tulipifera), and
sweetgum (Liquidambar styraciflua) together (Competitor). We additionally pooled all other
woody tree species together (Other). Because treatments were applied sequentially, we
designated year as a fixed effect within our models. Other fixed effects included overstory
disturbance/fire-season treatment, treatment × year interaction, and any included covariates.
Random effects included Replicate × Treatment and Year × Replicate × Treatment interactions.
We conducted all analysis in SAS 9.3 using PROC MIXED (SAS Ins., Cary, N.C, USA).
Dependent variables were tested for normality using a Wilk’s test (W > 0.90) and we
transformed, if necessary, using square root or log functions.
We used orthogonal contrasts to test specific a priori hypothesis regarding the differences
between treatments. These orthogonal contrasts tested for differences in dependent variable
means between controls and treatments (C vs. T), high and low basal area (H vs. L), and
dormant- and growing-season fire treatments (D vs. G). We also used orthogonal contrasts to test
for interactions between these same effects and each consecutive year over which restoration was
occurring. This allowed for specific identification of the cause of an overall ANCOVA/ANOVA
treatment by year interaction for any specific dependent variable. We additionally used LSD
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mean separation (p<0.05) to distinguish within significant effects resulting from our
ANCOVA/ANOVA models.
We also performed a post-hoc analysis using polynomial regression to determine if any
inflection points that could be used to inform management existed in the relationship between
overstory metrics (live basal area and canopy cover) and herbaceous community parameters.
This analysis was performed on data collected from 730 individual plots (5 years × 10
experimental units × approximately 15 plots/unit). We classified live basal area to the nearest
whole integer for each plot sampled from 2008-2012 and averaged total herbaceous cover (sum
of percent cover by graminoids, forbs, and legumes), richness, and diversity within these basal
area classes. We discarded live basal area classifications >30 m2 ha-1 based on limited
observations (n<7 per basal area class). This yielded 31 data points (0-30 m2 ha-1 integer classes)
for polynomial regression analysis. Similarly, we conducted this analysis using canopy cover,
classifying measurements into 34 groups by rounding an observed value to the nearest multiple
of 3. The mean for each herbaceous parameter within each canopy cover class was determined
yielding 34 points on which the polynomial regression was performed.
4. Results
4.1 Canopy Disturbance
We achieved the targeted overstory disturbance treatment levels (Table 1). Variation in
the canopy disturbance treatment was evident, with Grow consistently higher than Dorm in live
canopy metrics. Also, GrowH contained consistently higher levels of dead overstory basal area
and dead overstory stem density, most of which was shortleaf pine left from the pine beetle
outbreak. This trend was evident prior to overstory disturbance. We observed an immediate shift
toward oak dominance in overstory species composition as a result of canopy disturbances,
although red maple remained a substantial overstory component. The overstory within harvested
stands (not controls) in 2010 was dominated by southern red oak (2.1 m2 ha-1 ± 0.3 SE), white
oak (1.9 m2 ha-1 ± 0.3 SE), scarlet oak (1.9 m2 ha-1 ± 0.3 SE), red maple (1.6 m2 ha-1 ± 0.2 SE),
sourwood (1.5 m2 ha-1 ± 0.2 SE), post oak (1.0 m2 ha-1 ± 0.2 SE), black oak (1.0 m2 ha-1 ± 0.2 SE),
and blackgum (0.6 m2 ha-1 ± 0.1 SE). We did not observe any other overstory tree species with
>0.4 m2 ha-1.
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4.2 Prescribed Fire Burning Conditions and Behavior
The lack of suitable weather conditions resulted in the delay of our Grow application
until October 11, 2010. Leaf abscission was <5% at the time of the burn. We conducted the fire
in favorable weather conditions (Table 2), and observed a low to medium intensity burn (Table
3). The Dorm fire (March 22, 2011) was impacted by an un-forecasted drop in relative humidity
and increased winds (Table 2) producing a medium to high intensity fire (Table 3). As a result of
these differences in burning conditions, the Dorm head fires had nearly two times the rate of
spread and more than three times the flame length as the Grow. No pyrometer tiles were left
unburned in the Dorm fire, which averaged more than double the temperature of Grow (Table 3).
We found a relationship between fire temperature and scorch height as indicated by linear
regression (F1, 41=10.25, p=0.0026, slope=11.8 C m-1 ± 3.7 SE) with R2=0.2001.
4.3 Herbaceous Layer Response
We observed only 8 species of herbaceous plants prior to treatment (2008), but by 2012
we documented 187 species. Compared to treatments, control stands were distinctly lacking in
herbaceous vegetation with the highest groundcover by any one species being Piptochaetium
avenaceum at 0.7% (± 0.3 SE) (Table 4). Herbaceous groundcover in 2012 was dominated by
native cool-season grasses, with P. avenaceum the most abundant groundcover of any
herbaceous species (Max 23.3% ± 3.8 SE in DormL). The genus Dichanthelium was well
represented among the top graminoid species. Additional native cool-season grasses with
considerable groundcover included Danthonia spp. and Chasmanthium laxum. We observed only
one C4 grass species (Andropogon virginicus) to have ≥ 1% cover in any one treatment. Forb
groundcover was less common, with the highest groundcover of any forb species being
Gnaphalium obtusifolium with 3.5% (± 1.2 SE) in DormH. Large ephemeral patches of Conyza
canadensis and Erechtites hieraciifolia occurred following prescribed fire but were reduced the
second year post-fire. Legume groundcover never exceeded 1%, with the genus Lespedeza the
most common encountered. Ferns were locally abundant along drains and low-lying areas with
higher canopy cover, but were relatively low in overall percent groundcover.
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We detected relationships between our treatments and herbaceous groundcover that often
included year effects and/or treatment × year interactions as restoration techniques were applied
over time (Table 5). Year effects without treatment × year interactions were found for forb
groundcover (F4, 20=22.50, p<0.0001) and legume groundcover (F4, 19=6.80, p=0.0014). Forb and
legume cover increased to higher than pre-treatment levels (2008) by 2012 (LSD p < 0.05, Table
6). Treatment × year effects were found for graminoid groundcover (F16, 20=3.26, p=0.0069,
Figure 3A), herbaceous species richness (F16, 20=4.04, p=0.0020, Figure 3B), and herbaceous
species diversity (F16, 20=3.66, p=0.0036, Figure 3C). In general we found these interactions to
involve herbaceous groundcover responses that were greater in treatments than controls, and
greater still in L vs. H. Fern groundcover was the only class unaffected by treatments.
Interpretation of the numerous interaction effects on herbaceous metrics was aided by our
orthogonal contrasts. Routinely, we found contrasts between C vs. T and L vs. H to be significant
(Table 7). We never found contrasts between fire seasons to be significant. Similarly, we found
differences between treatments over specific time intervals for C vs. T and L vs. H, but rarely for
D vs. G (Table 8). Fire generally had positive effects on herbaceous groundcover as indicated by
C vs. T interaction contrasts over post-fire time intervals (2010-2011 and 2011-2012), but we
never found G vs. D contrasts for herbaceous groundcover variables. We found the graminoid
groundcover treatment × year interaction was related to greater increases in treatment units than
controls (C vs. T=11.2% ± 3.8 SE, F1, 5=16.9, p=0.0092) and in L vs. H (H vs. L=8.9% ± 3.4 SE,
F1, 5=7.1, p=0.0446). We also observed graminoid cover increases to be greatest from the first
year post-fire to the second, with burned units increasing by 19.7 % (± 6.1 SE) more than
controls (2011-2012 C vs. T, F1, 20=11.4, p=0.0031). Contrasts indicated greater increases in forb
cover in treatments than controls (C vs. T=3.0% ± 1.4 SE, F1, 5=8.2, p=0.0354) and greater
increases in L versus H (H vs. L=3.2% ± 1.3 SE, F1, 5=7.9, p=0.0379). We additionally found
forb cover increases to be greatest from 2010 to 2011, the interval over which fire application
occurred, with treatments gaining 5.3% (± 3.3 SE) more than controls (2010-2011 C vs. T, F1,
20=4.9,

p=0.0388), and L gaining 7.2% (± 2.9 SE) more than H (2010-2011 H vs. L, F1, 20=4.4,

p=0.0483). We did not find any treatment or interaction contrasts for legume or fern
groundcover.
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We found herbaceous species richness and diversity treatment × year interactions to be
related to greater increases in treatment units than controls (Richness C vs. T=4.1 n/plot ± 1.1
SE, F1, 5=14.2, p=0.0131; Diversity C vs. T=0.9 H/plot ± 0.2 SE, F1, 5=14.9, p=0.0119) and a
greater rate of increase in L vs. H (Richness H vs. L=2.8 n/plot ± 1.0 SE, F1, 5=8.6, p=0.0325;
Diversity H vs. L=0.4 H/plot ± 0.2 SE, F1, 5=7.1, p=0.0444). From the first year post-canopy
disturbance to the second, we documented species richness and diversity increases that were,
respectively, 3.7 n/plot (± 1.7 SE) and 0.8 H/plot (± 0.3 SE) greater in treatments than controls
(Richness 2009-2010 C vs. T, F1, 20=4.8, p=0.0404; Diversity 2009-2010 C vs. T, F1, 20=5.4,
p=0.0310). Even greater increases in species richness and substantial increases in diversity in
treatments relative to controls occurred from the first to the second year post-fire (Richness
2011-2012 C vs. T=4.6 n/plot ± 1.7 SE, F1, 20=7.6, p=0.0124; Diversity 2011-2012 C vs. T=0.7
H/plot ± 0.3 SE, F1, 20=4.4, p=0.0499). Additionally, herbaceous diversity increased 0.6 H/plot
(± 0.3 SE) more in L than H from 2009 to 2010 (2009 to 2010 H vs. L, F1, 20=4.7, p=0.0416).
4.4 Woody Vegetation Response
In 2012 Acer rubrum and Vaccinium pallidum dominated the Seedling size class (Table
9). In burned treatments, Sassafras albidum reached high stem densities, and in L treatments
Rubus argutus did the same. Pinus strobus and Kalmia latifolia were present in control stands at
high densities, but nearly absent in all others. Q. alba was the most common oak species, with
other oak species present at considerable densities. Besides A. rubrum, other oak competitor
species never exceeded 500 stems ha-1 in any one treatment. Nyssa sylvatica and Oxydendron
arboreum comprised a substantial amount of Other present within this size class.
The vast majority of Saplings were A. rubrum (Table 10), with O. arboretum the second
most common. Oaks were relatively far less common in the Sapling size classes, with Q. alba
remaining the most abundant oak species with particularly high densities of Small Saplings in
DormL. In control stands, P. strobus and K. latifolia were again present at high densities, but
nearly absent in all other treatments for all three Sapling size classes. We observed Small Sapling
vines and shrubs to be far more common within treatment units than they were in controls, and
nearly absent from all treatments in the larger two Sapling size classes. Small Sapling brambles
were abundant in L treatments. We observed low stem densities for the larger two Sapling size
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classes for all species groups but Other, where O. arboreum, N. sylvatica, and Cornus florida
remained common. Snag density was relatively low in control stands, and greatest in DormL.
We found treatment effects without treatment × year interaction for woody vegetation
groundcover (F4, 5=5.27, p=0.0486, Table 5). Woody groundcover was more abundant than
controls within DormH, GrowH, and DormL, and GrowL was intermediate between the two
groups (LSD p < 0.05; Table 6). Additionally, we observed a year effect without the presence of
an interaction (F4, 20=51.23, p<0.0001, Table 5), caused by increases in woody groundcover by
the second year post-canopy disturbance, decreases following fire, and then a return to second
year post-canopy disturbance levels by the second year post-fire (LSD p < 0.05, Table 6).
Effects on Seedling densities typically involved year and/or treatment × year interactions
as restoration was applied over time (Table 11). However, we did detect treatment effects
without interaction for Other Seedling density (F4, 5=10.77, p=0.0113) which were greater within
GrowH than control, with less separation among the other treatments (LSD p < 0.05; Table 6).
We also observed a year effect on Other seedling density (F4, 20=26.73, p<0.0001) which
increased by the second growing-season following canopy disturbance and again by the second
growing-season following fire (LSD p < 0.05; Table 6). Competitor Seedling density, largely A.
rubrum, showed only a year effect (F4, 18=17.34, p<0.0001), increasing by the second year postcanopy disturbance, decreasing following fire, and returning to pre-fire levels by the following
growing-season (LSD p < 0.05). We found treatment × year interactions for Oak Seedling
density (F16, 20=3.12, p=0.0088, Figure 4A), Seedling vine and shrub density (F16, 19=2.24,
p=0.0476, Figure 4B), and Seedling bramble density (F16, 19=5.52, p=0.0003, Figure 4C). In
these cases, we observed greater density increases over time within treatments than controls, and
greater increases in L than H, except for vines and shrubs which showed no differentiation
among canopy disturbance treatments.
All effects related to Sapling stem density were treatment × year interactions (Table 12).
We found this interaction for all species groups within the Small and Medium size classes
(Figure 5A, 5B, 5C, 5D, 5E, 6A, 6B, and 6C). We did not find effects for Oak and Other within
the Large Sapling size class. However, we did find a treatment × year interaction for Large
Sapling Competitor (F16, 17=3.10, p=0.0132, Figure 6D). Sapling density generally exhibited a
positive, delayed reaction to canopy disturbance in the Small size class, substantial reductions
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after fire application for all size classes, and increases to greater than or equal to pre-fire levels
by the second year post-fire while control levels remained relatively constant. We found this
trend to become less pronounced as Sapling size class increased, and less pronounced for Oak
within all size classes. The larger two midstory size classes generally did not rebound following
fire. We observed Snag density to have a treatment × year interaction (F16, 20=5.12, p=0.0004,
Figure 6E), increasing more in treatments relative to controls from 2011 to 2012.
Contrasts again aided in the interpretation of interaction effects, and we routinely found
contrasts between C vs. T and L vs. H to be significant but never D vs. G (Table 7). Similarly,
we found differences between treatments over specific time intervals for C vs. T and L vs. H, but
rarely for D vs. G (Table 8). We found treatments in general to be 14.4% (± 3.2 SE) greater in
woody groundcover than controls (C vs. T, F1, 5=15.7, p=0.0107). These increases occurred
differently within the treatments, with L increasing in woody cover 12.0% (± 6.0 SE) more than
H from 2009 to 2010 (2009-2010 H vs. L, F1, 20=2.2, p=0.0375).
Routinely we found significant C vs. T contrasts for Seedling density, with greater
Seedling densities in treatments than controls, but we did not find any significant G vs. D
treatment contrasts. Interaction contrasts often highlighted differences between canopy
treatments, and additionally showed a difference in Oak Seedling density response between D
and G. Oak Seedling treatment × year interaction was influenced by greater Oak Seedling
density increases in L than H from the first year following disturbance to the second (2009-2010
H vs. L=2,627.0 stems ha-1 ±1,077.2 SE, F1, 20=6.0, p=0.0242), and greater increases from 2010
to 2011 after G fire than D (2010-2011 D vs. G=4,515.4 stems ha-1 ± 1,077.2 SE, F1, 20=17.6,
p=0.0004). Competitor Seedling density increased by 8,227.0 stems ha-1 (± 3,470.4 SE) more in
treatment units than controls from the first growing season following canopy disturbance to the
second (2009-2010 C vs. T, F1, 18=5.6, p=0.0291). Competitor Seedling densities also increased
by 8,603.0 stems ha-1 (± 3,511.9 SE) more in treatment units than controls from 2011 to 2012
(2011-2012 C vs. T, F1, 18=6.0, p=0.0248). Treatments contained 6,166.5 stems ha-1 (± 1,158.5
SE) more Other Seedlings than controls (C vs. T, F1, 5=28.3, p=0.0031). The treatment × year
interaction for Seedling vines and shrubs was influenced by treatments containing 11,833.0
stems ha-1 (± 2,233.1 SE) more than controls (C vs. T, F1, 5=28.1, p=0.0032). Treatments also
contained 5,394.2 stems ha-1 (± 2,301.2 SE) more Seedling brambles than controls (C vs. T, F1,
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5=12.1,

p=0.0176). Interaction contrasts for Seedling brambles were numerous and involved

greater increases in bramble densities for treatments over control and greater increases for L
versus H over both 2009 to 2010 and 2010 to 2011 time intervals.
The only treatment contrasts we found for Saplings concerned Small brambles and
Medium Competitors. Contrasts indicated higher bramble stem densities within treatments
versus controls and L versus H. Medium Competitor densities decreased by 66.8 stems ha-1 (±
17.2 SE) more in L than H. Interaction contrasts within Sapling size class were generally related
to increasing stem densities following canopy disturbance dependent on the level of that
disturbance, decreases in response to fire, and increases by the second year post-fire dependent
on the level of canopy disturbance. Large fluctuations in Small Oak density occurred within
DormL, and as a result every interaction contrast was significant except for 2009-2010 C vs. T.
In general, these contrast estimates suggest that Small Oak density responded positively to
canopy disturbance, negatively to fire but less so if that fire occurred in the growing season, and
rebounded to pre-treatment (2008) levels by the second year post-fire. Few contrasts were found
for larger oaks, which were present only at low densities and remained more constant over time.
Small Competitor interaction contrasts showed positive reaction to canopy disturbance, and
negative trends followed by greater positive trends in the years following fire. Larger Competitor
contrasts were more often simply negative following fire. Small Other density showed larger
negative trends following fire than the positive trends observed in the second year post-fire.
Large Other density negatively responded to fire. Small vines and shrubs and brambles showed
similar decreases in L following fire and increases in the second year post-fire. Snag densities
increased 24.7 stems ha-1 (± 10.6 SE) more in treatments than controls from 2011 to 2012.
4.5 Landscape and Treatment Covariates
We adjusted models for legume and fern cover and Large Competitor Sapling density by
slope position; they were more abundant in wet low-lying drains and swales (Table 13). We also
adjusted Competitor Seedling, Seedling vine and shrub, and Small Competitor Sapling models
by slope position, but they were more common on drier, mid-slopes and ridges. Seedling Oak
and vines and shrubs, and Snags were positively related to scorch height measurements while the
Medium and Large Competitor and Other Saplings were negatively related to the same
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measurements. We found Competitor Seedling density to be negatively related to increases in
Large Midstory. We also observed Seedling bramble, Small Other Sapling, Small vines and
shrubs, and Medium Competitor Sapling densities to be higher on xeric south-west facing
aspects whereas Large Competitor Sapling density was higher on mesic northeast facing aspects.
Small Oak and Other Sapling density was negatively related to overstory metrics of canopy
cover and live basal area, respectively, and Small Other Sapling density was also positively
related to canopy cover. We also observed Small and Large Competitor Sapling density to be
negatively related to increasing slope measurements.
4.6 Non-native Invasive Species
In total, we observed 6 non-native and invasive species within the core areas of our
treatment units (Table 14). None of the herbaceous, non-native invasive species ever reached
cover of >0.5%; Microstegium vimineum attained 0.5% (± 0.3 SE) cover in DormL in 2012.
Seedling Ailanthus altissima reached a stem density of 95.2 stems ha-1 (± 95.2 SE) in GrowL in
2012. These two observations were the maximum cover and density attained by non-native
invasive plant species within our study.
4.7 Regression Analysis of Herbaceous Parameters
Cubic models were insignificant except for the relationship between total herbaceous
cover and canopy cover (F3, 30=32.5, p<0.0001, Figure 7). This third-degree polynomial
explained 77% of the variation in total herbaceous groundcover, and the inflection point occurred
at 59.8% canopy cover. Quadratic models using live basal area explained 88% of the total
herbaceous cover differences (F2, 28=104.8, p<0.0001), and 90% of the species richness
differences (F2, 28=122.3, p<0.0001), but were insignificant for species diversity (p=0.1109). We
did observe a linear relationship between live basal area and species diversity (F1, 29=127.0,
p<0.0001) which explained 81% of the variation. Similarly, we found only linear relationships
between canopy cover and both species richness (F1, 32=26.1, p<0.0001, R2=0.45) and diversity
(F1, 32=26.2, p<0.0001, R2=0.45). In general, herbaceous metrics’ relationships with live basal
area were stronger than they were with canopy cover, and functions decreased either toward an
asymptote or linearly as overstory metrics increased (Figure 7).
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5. Discussion
Our study demonstrates the importance of both canopy reductions and fire for oak
woodland and savanna restoration in the Mid-South. Like other restoration research, we found
canopy disturbance to instantly shift overstory species composition toward that described in
historical accounts of these communities (Peterson and Reich, 2001). We also observed greater
canopy disturbance to be accompanied by greater herbaceous ground layer and oak regeneration
restoration gains. Fire contributed positively to restoration goals, but significant differences
between October and March fires were limited. Prolific resprouting of mesophytic oak
competitors followed both fires equally, and herbaceous and oak regeneration response was
similar between the fire-seasons. Interest in restoration to address overall open-oak ecosystem
loss and related declines in herbaceous biodiversity and oak regeneration has increased in recent
years, but our understanding of how the process is best accomplished remains limited (Leach and
Ross, 1995). Not only do our findings increase our understanding, but they directly address two
important concerns related to oak savanna and woodland restoration. First, oak savanna
restoration research has been concentrated in the western and northern edges of their historic
range (i.e. Brudvig and Asbjornsen, 2008; Davis et al., 2000; Leach and Givnish, 1999; Nielson
et al., 2003; Peterson et al., 2007; Peterson and Reich, 2001; Rebertus and Burns, 1997).
Research in the Mid-South concerning oak savannas is nearly non-existent (Barrioz et al., 2013),
and oak woodland research is extremely limited (Jackson et al., 2006; McCord and Harper,
2011). Secondly, restoration research to date has been conducted primarily within degraded
savannas and woodlands that have not succeeded to mature, closed-canopy forest, which does
little in comparison with closed-canopy starting points to expand the extent of these imperiled
ecosystems on the landscape.
5.1 Herbaceous Layer Response
Successful restoration of oak woodlands and savannas requires the development of a rich
and diverse herbaceous ground layer, one dominated by fire-adapted grasses (DeSelm, 1994).
Although we observed big bluestem (Andropogon gerardii), broomsedge (A. virginicus), bushy
bluestem (A. glomeratus), little bluestem (Schizachyrium scoparium), and indian grass
(Sorghastrum nutans) within our study, only one of these species (A. virginicus) reached >1%
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cover within any one treatment. We observed instead substantial cover of native cool-season
grass species, probably resulting from the expansion of previously present populations and
greater representation in the seed bank, both associated with the closed canopy starting point.
Evidence supporting this claim exists within our pre-treatment and control data which indicate
native cool-season grasses were the most common herbaceous species under such conditions.
Furthermore, the recent fire history of our site was one of unintentional dormant-season fires
under closed canopies, circumstances that would have encouraged cool-season grasses (Harper,
2007). Oak savannas and woodlands have been described as forb dominated (Leach and Givnish,
1999), but in our study forb cover never exceeded 4%. Forbs respond positively to increased fire
frequency, albeit slowly and with only small increases in cover after multiple fires (Hutchinson
et al., 2005b). Legumes, a historically important component of the herbaceous layer, were also
notably low in groundcover within our study. Nielson et al. (2003) attributed the weak response
of legumes to seedbank depletion following canopy closure. Together the lack of substantial
warm-season grass, forb, and legume cover reflect the history of prolonged canopy closure and
only limited progress toward restoration gained by a single fire. Indeed, more than 60 years after
canopy closure and cessation of regular burning, the presence of prairie and savanna species at
all is remarkable.
We found higher levels of canopy disturbance (live basal area approximately 40% of
controls) resulted in greater herbaceous cover, richness, and diversity than more limited
disturbances or the controls. Overstory reduction strongly influences herbaceous layer
development by providing additional light needed for herbaceous germination and growth
(Scholes and Archer, 1997; Leach and Givnish, 1999; Peterson et al., 2007). Grass and forb
cover is negatively related to overstory cover metrics (Barrioz et al., 2013; Peterson et al., 2007).
Like Barrioz et al. (2013), we observed the occurrence of native warm-season grasses and other
prairie-indicator species growing in canopy gaps in areas where they were otherwise uncommon.
Elevated herbaceous diversity found within open-oak ecosystems is a function of overstory
canopy influence on plant resource gradients and the creation of micro-site heterogeneity (Leach
and Givnish, 1999; Scholes and Archer, 1997), which can be impacted readily through canopy
disturbance (Brudvig and Asbjornsen, 2009b; Hughes et al., 2006; McCarron et al., 2003). Other
attempts to restore herbaceous ground layers through canopy disturbance have increased species
86

richness by approximately 250% three years post-disturbance (Abella, 2010; Brudvig and
Asbjornsen, 2009b). Over this same time interval, we observed an average increase in species
richness of 610% from 2008 to 2010 across all treatments (DormH: 570%, GrowH: 439%,
DormL: 952%, GrowL: 482%). Site property and history differences that exert influence on
potential herbaceous response to canopy disturbance could provide an explanation for our high
richness increases with respect to other researchers. In contrast, McCord and Harper (2011)
reported minimal increases in herbaceous groundcover and a dominant woody understory
following canopy reduction (live basal area equivalent to 60% of controls). Our H treatment (live
basal area approximately 75% of controls) also showed minimal herbaceous increases.
Achieving desired herbaceous response appears to require substantial overstory reductions and
subsequent disturbance may be necessary to limit woody invasion into the newly created
growing space created for herbaceous development.
Evidence that savannas and woodlands contain higher herbaceous diversity than either
prairies or forests due to plant resource heterogeneity created by overstory trees (Belsky et al.,
1989; Leach and Givnish, 1999) suggests the occurrence of an overstory threshold that will
maximize herbaceous response. We attempted to elucidate this threshold through our post-hoc
polynomial regression analysis. We did not find such a threshold, but instead observed total
herbaceous cover, richness, and diversity to continue to increase as overstory metrics declined.
We found an inflection point within the relationship between canopy cover and total herbaceous
cover at 60% canopy cover. However, the continued response of the herbaceous community as
overstory metrics declined does not seem to support previous findings that oak savannas and
woodlands support a more diverse herbaceous community than prairies. Such studies were
conducted at well-established sites, and it may be that in the early stages of restoration from
closed-canopy starting points more time is required before the herbaceous community begins to
exhibit such trends.
Even where overstory canopy shading has been minimized through canopy disturbance,
midstory canopies often limit herbaceous community development (Barrioz et al., 2009; Scholes
and Archer, 1997). In our study, Large Midstory did not influence herbaceous groundcover.
Cool-season grasses, a dominant component of the herbaceous plant community at our site, are
typically more shade-tolerant than native warm-season species (Lin et al., 1999) typically
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reported on in woodland and savanna studies. The most commonly encountered herbaceous
species, P. avenaceum, is associated with shady habitats (Miller and Miller, 2005). It may be
that within early stages of restoration where herbaceous ground layers are dominated by
previously present, shade-tolerant species, woody midstory vegetation has less impact. However,
as restoration progresses, especially toward savannas, a negative impact of midstory subcanopies may become apparent as the ground layer transitions from shade-tolerant to more
shade-intolerant species.
Although prescribed fire is used to limit midstory canopies (Anderson et al., 1999), it is
not always effective (Peterson and Reich, 2001) and a transition from dormant- to late growingseason fire may improve woody midstory control (Brose and Van Lear, 1998; Gruchy et al.,
2006; Waldrop and Lloyd, 1991). Fire had positive impacts on herbaceous cover, richness, and
diversity, but we did not observe any differences in herbaceous layer development between
October and March fires. Seasonal variations in the application of fire have strong influence on
herbaceous layer development (Gruchy et al., 2006; Keyser et al., 2004; Knapp et al., 2009;
Schwartz and Heim, 1996), but the principle mechanism behind these influences seems to be
differential impacts on the abundance of woody midstory stems. We did not observe a
differential impact between fire seasons on woody stem density, providing a potential
explanation for the similar herbaceous response between our fire-season treatments. Fires that
have shown greater herbaceous response than dormant-season fire have been in the spring
(Drewa et al., 2006; Keyser et al., 2004; Schwartz and Heim, 1996; Streng et al., 1993; White et
al., 1991), summer (Keyser et al., 2004), or early fall (Gruchy et al., 2006).
We are aware of only one study documenting herbaceous response to October fire in the
Mid-South. In an Oklahoma shrubland, Boyd and Bidwell (2002) documented species-dependent
graminoid response to fall (October), winter (February), and spring (April) fires, no differential
response of legumes to season of burn, but a clear advantage of fall and winter over spring fires
in increasing forb abundance. Additionally, they found spring fires resulted in greater shrub
density reduction than the other fire seasons. These findings seemingly contradict the hypothesis
that woody midstory reduction in the main mechanism behind differential herbaceous response
fire seasons. These researchers did note that herbaceous gains were strongly related to decreased
overstory shrub dominance, and that forb increases were driving the herbaceous gains within fall
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and winter burns. Other research has documented the release of forbs from competition with
warm-season grasses under partly shaded conditions (Leach and Givnish, 1999). Boyd and
Bidwell’s (2002) results suggest, in agreement with ours, that burning in October may be more
comparable to dormant-season fire in its herbaceous ground layer effects. Where reducing the
negative impacts of woody midstory vegetation on herbaceous development is a concern,
October may be too late to gain the advantages of growing-season fire.
Additionally, our results may have been confounded by fire intensity differences between
fire-season treatments. Variations in the intensity of fire play a crucial role in dictating the
direction of response observed in herbaceous communities (McMurry et al., 2007; Van Lear and
Waldrop, 1989). These effects include substantial declines in total basal area that can continue
for years after some prescribed fires, resulting in long–lasting, positive effects on the herbaceous
community (Peterson and Reich, 2001). However, we did not observe fire intensity to
differentially influence herbaceous community measures.
In order to declare a restoration attempt successful, herbaceous plants should dominate
the ground layer. Only two of our ten 20-ha stands (DormL Rep 2, GrowL Rep 2) achieved our
goal of ≥60% herbaceous groundcover (Figure 8). This stresses the limited restoration progress
achieved by a single fire, the advantages of heavier canopy disturbance, and the little observable
differences between the fire season treatments in terms of herbaceous ground layer restoration.
5.2 Woody Vegetation Response
Canopy reductions increased seedling and sapling densities two growing seasons
following disturbance. Fire, on the other hand, had immediate negative impacts on most species
groups and size classes. However, subsequent prolific resprouting recruited stems into Seedling
and Small Sapling and their densities recovered to or exceeded pre-fire levels. These trends were
similar across the fire-season treatments, suggesting there was no advantage of October versus
March fire for controlling woody vegetation. We are aware of only two studies involving
impacts of October fire on woody stem reduction, and their results are similar to ours. In western
Oklahoma, burning in October, February, and April reduced shrub cover, but spring burns
reduced cover the most, and a rapid return to pre-burn levels was observed post-fire for all three
fire treatments (Boyd and Bidwell, 2002). In Arkansas, Sparks et al. (1999) compared late
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growing-season (September and October) and dormant-season (March and April [pre-leaf
expansion]) fires and found fall fires to be less effective in reducing larger midstory stems, and
neither season of fire eliminated stems <1 m tall because of prolific resprouting.
The efficacy of burning for woody stem control has been posited to be related to seasonal
variation in root carbohydrate reserves. In temperate regions, woody plants deplete reserves
during leaf out, replenish them throughout the growing season, and gradually use them for
respiration throughout the dormant season (Loescher et al., 1990; Johansson, 1993; Droege,
1996). Therefore, top-kill that occurs when root reserves are high (fall and dormant-season)
should result in greater levels of resprouting than during times when root reserves are reduced
(spring and early growing-season), a finding confirmed by a number of studies (Buckley and
Evans, 2004; Drewa et al. 2002; Huddle and Pallardy, 1998; Johansson, 1993; Kays and
Canham, 1991). However, McCord and Harper (2011) reported limited impact on woody plant
density from repeated early growing-season fires. Late growing-season fires are more effective
in reducing woody stems than dormant-season fires (Brose et al., 1999; Gruchy et al., 2006), a
finding not easily explained given seasonal patterns in root carbohydrate reserves. In our study,
October burns were less intense, but had similar impacts as the more intense March fire. It is
possible that the slower moving October burns’ greater residence times, and longer exposure of
woody plant root collars to lethally high temperatures, may have offset the difference in
intensity. Regardless, more research is needed to clarify the relationships between the timing of
growing-season fire and woody plant mortality.
Canopy reductions increased densities of both oaks and their competitors. Although oak
seedling density increased, there was little improvement in their competitive position because of
prolific competitor resprouting following burning. Both fires were similar in their effects on
competitor species, but we observed more Small Sapling oaks in October than March burn units,
a result with important implications for maintaining oak regeneration within open-oak
communities. Oaks appeared to be less prone to top-kill following the October fire than the
March fire. This phenomenon has been explained by greater heat insulating properties of oak
bark over their competitors during fire seasons where dormancy is not protecting meristematic
tissues (Hengst and Dawson, 1994). Our findings that growing-season fire appeared to negatively
impact oak competitors more so than oaks has been corroborated by other workers (Brose and
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Van Lear, 1998; Brose et al., 2012). Our October fires produced advantages for oaks, but these
advantages were not as dramatic as others reported (Kruger and Reich, 1997; Brose and Van
Lear, 1998; Van Lear, 2004) suggesting that spring or late summer burns provide even greater
competitive benefits to oak species. However, the numerous factors involved in the successful
enhancement of oak regeneration including available light, relative establishment of oaks and
their competitors at the time of burn, and fire intensity differences make direct comparisons
between studies difficult.
Medium Sapling Competitor and Other densities did not rebound to pre-fire levels by the
second year post-fire; their sprouts only recruited into the smallest midstory size class. This
creates a competitive advantage for Medium and Large Sapling Oak, which were unaffected by
fire and experienced reduced competition from the fire-shortened competitors. The ability of oak
competitor species to continue resprouting prolifically, even after multiple fires (Arthur et al.,
1998; Blankenship and Arthur, 2006) warrants research into seasonal variations that will
promote oak dominance. Frequent fire will shift woody species composition toward those that
are more fire tolerant, such as oaks, after which occasional hot fires separated by a 5-10 year gap
could be essential to recruit new cohorts for the canopy and to maintain savanna species and
structure (Apfelbaum and Haney, 1987).
Our assessment of woody response to seasonally varied fire treatments may have been
complicated by differences in fire intensity. We found fire intensity, as determined by scorch
height, to positively influence Seedling Oak and Seedling vine and shrub density, but to
negatively influence Medium and Large Competitor and Other Sapling stem densities. Lowintensity fire is not effective in controlling woody understory vegetation or changing overall
species composition (Wendel and Smith, 1986; Van Lear and Waldrop, 1989). Brose and Van
Lear (1998) reported the best results in restoring historical oak ecosystem species compositions
with medium to high fire intensities. In contrast, other studies have documented positive oak
response to low-intensity fires (Adams and Rieske, 2001), and highly intense fires are not always
accompanied by positive oak regeneration responses (Wendel and Smith 1986). With most
managers constrained by safety concerns to a maximum of medium fire intensity, exploration of
seasonal variations in fire that produce desired impacts on woody vegetation may be the best
option. After attempts to remove fire intensity effects, we found limited positive oak
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regeneration impacts and no differences in the control of other woody species, suggesting that
such explorations should look to earlier growing-season fire than our October date.
Successful oak woodland and savanna restoration involves the reduction of community
altering woody encroachment and species compositional shifts toward more fire-tolerant species.
Only two of our ten 20-ha stands (DormL Rep 1, DormL Rep 2) achieved our goal of < 50 Large
Midstory stems ha-1 (Figure 8). None of our ten stands were dominated by oaks (> 75% of Large
Midstory stems) in 2012. This again stresses the limited restoration progress achieved by a single
fire, the advantages of heavier canopy disturbance, and the role fire intensity plays in reducing
larger midstory stem abundance.
5.3 Landscape and Treatment Covariates
We found slope position to be the only site factor influencing groundcover, with more
mesic sites having greater fern and legume cover. Prior research attributed the higher herbaceous
diversity of savannas and woodlands to greater topographical relief that is often lacking in
grassland communities (Abella et al., 2001; Leach and Givnish, 1999; Peterson and Reich,
2001). Aspect and slope did not influence groundcover, a finding that suggests restoration of
herbaceous groundcover is not constrained by topography. Slope position also influenced woody
stem densities, especially Competitors, which were more abundant in upland areas for Seedling,
Small, and Medium Sapling. This trend shifted for Large Sapling Competitors, which were
greater in density in drains and swales, indicative of these species’ ability to be more competitive
on wetter sites and the refuge that such areas provide to less fire-tolerant species. Similarly, we
found a greater abundance of small woody stems on more southwesterly aspects where light was
more readily available, but Large Sapling Competitors exhibited the reverse relationship with
north-easterly slopes harboring greater stem densities. Greater slope negatively influenced Small
and Large Competitors, possibly as a result of increased fire intensity. These results support the
conclusion that oak woodlands and savannas were more easily maintained on xeric southwesterly
slope faces (DeSelm, 1994). Indeed, Leach and Givnish (1999) found smaller size classes of
trees in open-oak communities tended to be comprised of fire-intolerant species (e.g., red maple)
that invade sites between fires. Thus, while herbaceous groundcover could be restored on most
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slope positions, it may be more difficult to maintain on more mesic sites where woody
encroachment is more difficult to control.
We detected treatment covariates (canopy cover, live basal area, and Large Midstory) that
indicated micro-site level variations in canopy disturbance within both H and L influenced
woody stem densities. Leaving clumps of overstory trees and the use of irregular thinning can
result in substantially different plant community responses through alterations in light gradients
(Scholes and Archer, 1997). Dependent variable adjustment for fire intensity, as determined by
scorch heights, was intended to isolate fire-season effects, but the routine inclusion of this
adjustment reinforces the negative relationship between fire-intolerant woody vegetation density
and increasing fire intensity (Loftis, 1990; Van Lear and Waldrop, 1989).
5.4 Non-native Invasive Species
In 2012, after five growing seasons over which two major disturbances (cutting and
burning) took place, we identified six non-native invasive species within our treated units. Five
of these species were herbaceous with minimal cover; the sixth was woody, Ailanthus altissima.
The number of non-native invasive species and their associated cover and density increased over
time, with the 2012 values representing a maximum. These species were found near the
peripheries of sampling areas, near skid trails and log landings, and appeared to be encroaching
from nearby roads. All species except for A. altissima and M. dianthera have been previously
reported in Cumberland County, TN (University of Tennessee Herbarium). Disturbance has the
potential to increase abundance of non-native and invasive species that can pose a threat to
successful restoration (Mack et al., 2000). Given the rarity and exceptional conservation value of
open-oak communities, taking some risk of limited encroachment of non-native species seems
warranted in achieving the greater goal of gaining substantial areas of otherwise functional
woodlands and savannas. Continued monitoring is warranted, but the limited abundance of nonnative and invasive species we observed, despite substantial disturbance, suggests that
maintaining community integrity during restoration is feasible. Control of known populations of
such species along roads and other rights-of-way prior to initiation of restoration activities may
be the best approach.
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5.5 Management Implications and Conclusions
Our work adds to a growing understanding of the best and most efficient ways to achieve
restoration of imperiled oak woodland and savanna communities. Specifically, our results
provide new information for the Mid-South, a region where previous research has been limited.
We have documented progress towards restoration from a closed-canopy starting point that
resulted from fire suppression and subsequent successional advance that began over 70 years
ago. To achieve similar results on other sites, managers must consider herbaceous seedbank
viabilities, presence of residual savanna species, and site histories that are conducive to future
restoration success (Packard and Mutel, 2005; Sturgess and Atkinson, 1993). We conclude that
heavy canopy reduction (to 7 m2/ha residual basal area) supported greater restoration gains than
lower levels of canopy disturbance (to 14 m2/ha) and promote the use of heavy canopy
disturbance in restoring savanna communities. We also suggest that reducing canopy cover to
less than 35% will result in greater immediate herbaceous response. Canopy disturbance
instantly increases the amount of light reaching the ground, and generates revenue to offset
restoration costs (Laubach, 2000). Woodland restoration necessitates leaving more of the
overstory intact and is thus, more reliant on strategies that reduce the abundance of woody
understory plants. We suggest reducing canopy cover to around 40% will maximize herbaceous
response in a woodland setting.
We found burning made critical contributions to restoration goals, but there were few
differences between our October and March burns. Based on other studies, it appears that
growing-season burns should occur earlier (April or August/September) to maximize their
effectiveness in hardwood control. Regardless, there is ample evidence from other research that
growing-season fire is preferable to dormant-season fire for restoration of oak woodlands and
savannas because of the greater lethality to woody plants. Fire frequency is also an important
consideration and a single burn, regardless of timing, will have limited benefit in controlling
unwanted hardwood regeneration and saplings, and cannot impact resprouting (Boyer, 1990).
Maximizing woody plant control usually involves a 1 – 3 year fire return interval (Apfelbaum
and Haney, 1987; Glitzenstein et al., 2003; Kirkman et al., 2001). Furthermore, fire behavior
plays an important role in dictating fire effects and longer residence times are preferable for
reducing undesirable woody stems. The trade-offs between safety and ecological benefits suggest
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that moderate fire-intensities are the most appropriate for savanna and woodland restoration
(Brose and Van Lear, 1998).
Our results indicate management across topographically diverse sites will improve
herbaceous richness and diversity, but successful restoration is most easily attainable on higher
slope positions and southwesterly aspects. Non-native invasive species should be considered
prior to the implementation of restoration disturbance regimes. The identification of known
populations, pre-disturbance reduction treatments, minimization of heavy equipment movement
through the interior of restoration sites, and increasing interior area to perimeter ratios of
restoration sites are potential ways of addressing invasive concerns. Further research is needed to
document longer-term responses and impacts of successive fires on restoration success in the
Mid-South.
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Table 1. Means (SE) for pre- (2008) and post-treatment (2009-2010) overstory characteristics by treatment during an oak
woodland and savanna restoration experiment at Catoosa Wildlife Management Area, Cumberland County, TN.
Canopy Cover
(%)

Live Basal Area
2

Dead Basal Area

-1

2

(m ha )

-1

(m ha )

Live Stem Density
-1

(stems ha )

Dead Stem Density
-1

(stems ha )

Treatment1

Pre

Post

Pre

Post

Pre

Post

Pre

Post

Pre

Post

Control

93.7
(0.9)

97.9
(0.3)

19.2
(1.2)

16.7
(0.9)

1.3
(0.3)

3.0
(0.5)

320.7
(20.6)

284.2
(11.8)

17.5
(3.0)

39.5
(5.3)

DormH

85.1
(2.4)

83.6
(3.2)

16.5
(1.6)

11.3
(0.8)

2.9
(0.5)

2.6
(0.3)

357.3
(48.3)

191.5
(13.2)

41.6
(7.0)

34.5
(4.4)

GrowH

88.1
(2.9)

90.3
(1.6)

16.6
(1.2)

13.7
(1.0)

5.4
(0.8)

3.6
(0.5)

275.9
(18.5)

208.2
(14.1)

76.5
(8.9)

48.6
(5.5)

DormL

73.2
(7.4)

53.3
(3.7)

14.4
(1.8)

6.2
(0.7)

3.4
(0.6)

2.6
(0.4)

272.0
(24.8)

122.2
(13.5)

54.2
(9.9)

35.3
(5.4)

GrowL

84.9
(2.9)

65.8
(3.5)

22.4
(2.0)

7.5
(0.6)

6.7
(1.1)

2.9
(0.5)

458.1
(43.3)

125.9
(9.8)

96.6
(14.2)

34.1
(4.8)

1

Control, unmanaged stands; DormH, dormant-season fire and high residual basal area (14 m2 ha-1); GrowH, growing-season fire and high residual basal area
2

-1

2

-1

2

-1

(14 m ha ); DormL, dormant-season fire and low residual basal area (7 m ha ); and GrowL, growing-season fire and low residual basal area (7 m ha ). For
each treatment n=2 20-ha stands.
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Table 2. Mean (range) burning conditions for late growing-season and dormantseason fire treatments during an oak woodland and savanna restoration
experiment at Catoosa Wildlife Management Area, Cumberland County, TN.
Treatment
Condition Metric

Growing-Season

Dormant-Season

Date conducted

October 11, 2010

March 22, 2011

Ambient temperature (C)

29.5
(27.0-31.5)

28.1
(24.4-31.6)

Relative humidity (%)

37.1
(33.5-45.2)

38.6
(30.2-47.4)

Wind speed (km/hr)

3.5
(2.3-5.3)

6.7
(3.7-18.8)

Wind direction ()

243
(225-270)

223
(205-245)

Cloud cover

None
(0-0)

None
(0-0)

Fine fuel moisture content (%)

14.3
(3.7-24.8)

10.2
(4.2-19.5)

10-hr fuel moisture content (%)

11.3
(10.8-12.0)

11.3
(10.9-12.0)
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Table 3. Mean (range) fire behavior metrics for late growing-season and dormant-season fire treatments during an oak woodland and savanna
restoration experiment at Catoosa Wildlife Management Area, Cumberland County, TN.
Fire Treatment
Growing-Season (October 11, 2010)
Fire Behavior Metrics Backing Fire Flanking Fire

Dormant-Season (March 22, 2011)

Head Fire

Mean

Backing Fire Flanking Fire

Head Fire

Mean

Rate of spread (m/min)

0.5
(0.3-0.8)

0.6
(0.2-1.1)

1.4
(0.7-3.0)

1.0
(0.2-3.0)

0.5
(0.4-0.6)

0.7
(0.5-1.0)

2.7
(0.9-5.1)

1.7
(0.4-5.1)

Flame length (m)

0.2
(0.1-0.5)

1.0
(0.4-2.5)

0.5
(0.2-0.8)

0.5
(0.1-2.5)

0.3
(0.2-0.4)

0.6
(0.4-0.8)

1.6
(0.5-2.8)

1.2
(0.2-2.8)

Temperature (C)

72.5
(0-218)

168.8
(107-191)

Scorch height (m)

0.9
(0-13.5)

1.8
(0-12.0)
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Table 4. Mean (SE) percent groundcover of dominant herbaceous species in 2012 by treatment during an oak woodland and
savanna restoration experiment at Catoosa Wildlife Management Area, Cumberland County, TN.
2

Control

DormH

Treatment
GrowH

Graminoid
Needlegrass (Piptochaetium avenaceum )
Variable panic grass (Dichanthelium commutatum )
Cypress panic grass (Dichanthelium dichotomum )
Poverty grass (Danthonia spp. )
Needleleaf rosette grass (Dichanthelium aciculare )
Openflower rosette grass (Dichanthelium laxiflorum )
Broomsedge (Andropogon virginicus )
Slender woodoats (Chasmanthium laxum )
Swan's sedge (Carex swanii )

0.7 (0.3)
0.3 (0.2)
-

6.2 (1.7)
4.0 (1.4)
3.1 (0.6)
3.5 (1.2)
1.1 (0.3)
2.2 (0.8)
1.3 (1.0)
1.3 (0.4)
0.9 (0.6)

9.1 (2.0)
2.9 (0.9)
2.0 (0.7)
2.1 (0.8)
1.6 (0.6)
1.5 (0.8)
0.1 (0.1)
2.5 (1.0)
0.4 (0.3)

23.3 (3.7)
9.0 (1.3)
5.1 (1.0)
3.3 (0.9)
4.7 (1.1)
2.5 (0.8)
1.1 (0.4)
1.8 (0.9)
1.3 (0.7)

20.5 (3.7)
7.7 (1.5)
3.6 (1.0)
3.3 (1.0)
3.9 (1.0)
1.7 (0.7)
7.1 (2.0)
3.1 (1.3)
1.7 (0.7)

Forb
Horseweed (Conyza canadensis )
Whorled loosestrife (Lysimachia quadrifolia )
Sweet-scented goldenrod (Solidago odora )
Rabbit tobacco (Gnaphalium obtusifolium )
American burnweed (Erechtites hieraciifolia )
Whorled coreopsis (Coreopsis major )

0.1 (0.1)
-

0.1 (0.1)
0.5 (0.2)
0.1 (0.1)
3.5 (1.2)
1.0 (0.5)
0.1 (0.1)

1.0 (0.3)
0.3 (0.2)
0.3 (0.2)
0.1 (0.1)
0.4 (0.2)

1.1 (0.3)
0.7 (0.2)
1.3 (0.4)
0.7 (0.4)
0.9 (0.4)
0.5 (0.2)

3.3 (1.0)
0.7 (0.3)
0.9 (0.3)
0.9 (0.3)
0.5 (0.3)
1.1 (0.3)

Legume
Smooth creeping bush clover (Lespedeza repens )
Small-flowered partrigde pea (Chamaecrista nictitans )
Nakedflower tick trefoil (Desmodium nudiflorum )
Hairy bush clover (Lespedeza hirta )
Downy creeping bush clover (Lespedeza procumbens )

0.3 (0.1)
-

0.5 (0.3)
0.1 (0.1)
0.1 (0.1)

0.3 (0.1)
0.1 (0.1)
-

0.9 (0.3)
0.3 (0.2)
0.2 (0.1)
0.1 (0.1)

0.9 (0.4)
0.9 (0.4)
0.2 (0.1)
0.3 (0.1)
0.1 (0.1)

Fern
New york fern (Thelypteris noveboracensis )
Climbing fern (Lygodium palmatum )
Cinnamon fern (Osmunda cinnamomea )
Christmas fern (Polystichum acrostichoides )
Southern lady fern (Athyrium filix-femina )

0.2 (0.2)
-

2.8 (1.2)
0.1 (0.1)
0.3 (0.3)
0.1 (0.1)
-

1.7 (1.1)
0.4 (0.3)
0.7 (0.5)

0.3 (0.3)
-

0.1 (0.1)
0.4 (0.3)
0.3 (0.3)
0.3 (0.2)
-

Species1

DormL

GrowL

1

The top 5 herbaceous species within each groundcover class and additional species with ≥1% cover in any one treatment are presented

2

Control, unmanaged stands; DormH, dormant-season fire and high residual basal area (14 m2 ha-1); GrowH, growing-season fire and high residual basal area
(14 m2 ha-1); DormL, dormant-season fire and low residual basal area (7 m2 ha-1); and GrowL, growing-season fire and low residual basal area (7 m2 ha-1). For
each treatment n=2 20-ha stands.
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Table 5. ANCOVA/ANOVA model results for groundcover measures during an oak woodland and savanna restoration experiment,
2008-2012, at Catoosa Wildlife Management Area, Cumberland County, TN. Bold indicates significant effects at α=0.05.
Treatment
(df = 4, 5)
F
p

Model

Treatment × Year

Year
1

(df = 16, 20)1
F
p

(df = 4, 20)
F
p

Covariates (df = 1, 19)2
Variable
F
p

Graminoid
Forb
Legume
Fern

6.14
4.01
1.10
0.12

0.0362
0.0801
0.4495
0.9704

38.49
22.50
6.80
1.69

<0.0001
<0.0001
0.0014
0.1942

3.26
1.80
1.79
1.20

0.0069
0.1061
0.1137
0.3512

None
None
Slope position
Slope position

4.47
6.43

0.0479
0.0187

Richness
Diversity3

5.81
5.54

0.0404
0.0441

70.88
74.77

<0.0001
<0.0001

4.04
3.66

0.0020
0.0036

None
None

-

-

Woody

5.27

0.0486

51.23

<0.0001

2.05

0.0656

None

-

-

1

One df subtracted from the denominator df for each covariate included in the model.

2

Significant (α=0.05) covariates.

3

Shannon-Wiener Diversity Index

For each treatment and year n=2 20-ha stands.
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Table 6. LSD mean separation for dependent variables with significant main effects (treatment and year) without significant treatment × year
interactions during an oak woodland and savanna restoration experiment, 2008-2012, at Catoosa Wildlife Management Area, Cumberland County,
Dependent Variable
Groundcover (%)
Woody

Control

DormH

Treatment Effects1,2
GrowH

34.4 (2.8) b

46.9 (3.2) a

52.5 (3.4) a

49.8 (3.3) a

42.4 (3.1) ab

3,234.9 (1,036.2) c

6,558.7 (1,036.2) bc

12,114.3 (1,036.2) a

9,896.4 (1,036.2) ab

9,036.1 (1,036.2) ab

2008

2009

Year Effects
2010

2011

2012

0.2 (0.2) c
0.1 (0.1) bc

0.2 (0.2) c
0.0 (0.0) c

2.4 (0.6) b
0.3 (0.1) b

4.1 (0.8) ab
0.1 (0.1) bc

4.6 (0.9) a
0.8 (0.2) a

28.6 (2.0) c

32.0 (2.1) c

61.7 (2.9) a

45.4 (2.5) b

62.8 (2.9) a

5,706.6 (1,418.2) c
1,850.0 (1,036.2) c

8,362.3 (1,393.6) bc
3,600.0 (1,036.2) c

14,661.0 (1,438.6) a
10,304.8 (1,036.2) b

9,809.2 (1,377.8) b
10,181.0 (1,036.2) b

16,306.0 (1,417.8) a
14,904.8 (1,036.2) a

DormL

GrowL

-1 3

Seedling (stems ha )
Other

1

Dependent Variable
Groundcover (%)
Forb
Legume
Woody
-1 3

Seedling (stems ha )
Competitor
Other
1

Letters represent significant differences across rows by LSD with α=0.05. For each treatment and year n=2 20-ha stands.
Control, unmanaged stands; DormH, dormant-season fire and high residual basal area (14 m2 ha-1); GrowH, growing-season fire and high residual basal area (14 m2 ha-1); DormL, dormantseason fire and low residual basal area (7 m2 ha-1); and GrowL, growing-season fire and low residual basal area (7 m2 ha-1).
3
Seedling woody vegetation defined as stems >30.48 cm tall but <1.37 m tall.
2
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Table 7. Dependent variables with at least one significant treatment contrast during an oak woodland and savanna
restoration experiment, 2008-2012, at Catoosa Wildlife Management Area, Cumberland County, TN. Bold indicates
significance at α=0.05.
1

Contrast
H vs. L

C vs. T
2

Models
Groundcover (%)

F

p

Graminoid

16.94

0.0092

Forb

8.18

0.0354

Richness

14.20

0.0131

Diversity

14.88

0.0119

Woody

15.72

0.0107

Other

28.33

0.0031

Vines and shrub

28.08

Bramble

12.12

Estimate
(SE)
11.2
(3.8)
3.0
(1.4)
4.1
(1.1)
0.9
(0.2)
14.4
(3.2)

D vs. G
F

p

Estimate
(SE)

0.00

0.9732

-

0.00

0.9828

-

0.02

0.8933

-

0.02

0.9009

-

-

0.11

0.7580

-

0.9052

-

5.13

0.0728

-

0.34

0.5878

-

1.02

0.3578

-

4.93

0.0770

-

0.00

0.9732

-

F

p

7.11

0.0446

7.85

0.0379

8.61

0.0325

7.13

0.0444

1.23

0.3184

0.02

Estimate
(SE)
8.9
(3.4)
3.2
(1.3)
2.8
(1.0)
0.4
(0.2)

Seedling (stems ha-1 )
6,166.5
(1,158.5)
11,833.0
0.0032
(2,233.1)
5,394.2
0.0176
(2,301.2)

Small Sapling (stems ha-1 )
Bramble

7.20

0.0436

8.8
(5.2)

15.13

0.0115

14.0
(4.7)

5.88

0.0598

-

1.87

0.2300

-

15.03

0.0117

-66.8
(17.2)

0.10

0.7690

-

-1

Medium Sapling (stems ha )
Competitor
1

df for all contrast F statistics are (1, 5). C vs. T is the comparison of control versus all treatments. H vs. L is the comparsion between high and low
basal area retention. D vs. G compares dormant-season to growing-season burn units. Estimates apply to the second term in the contrast label as it is
related to the first. Estimates only presented when the contrast significant (α=0.05). For C, H, L, D, and G n=2 20-ha stands, and for T n=4.
2

Groundcover estimates in units of percent cover, number of species, or diversity (H', Shannon-Wiener Diversity Index). Seedlings were >30.48 cm tall,
<1.37 m tall. Small Saplings were >1.37 m tall, <2.54 cm DBH. M edium Saplings were >1.37 m tall, 2.54-7.62 cm DBH.
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Table 8. Dependent variables with at least one significant interaction contrast during an oak woodland and
savanna restoration experiment, 2008-2012, at Catoosa Wildlife Management Area, Cumberland County, TN.
Bold indicates significance at α=0.05.
Models1
Groundcover
Forb
Richness Diversity Woody

Interaction Contrasts2 Graminoid
2009 to 2010
C vs. T
F
1.19
0.36
p
0.2887 0.5538
Estimate
(SE)
H vs. L

F
p
Estimate
(SE)

D vs. G

D vs. G

5.38
0.0310
0.8
(0.3)

1.02
0.3192

2.51
0.1287

5.62
0.0291
8,227.0
(3,470.4)

23.55
0.0001
55.5
(11.4)

-

-

4.74
0.0416
0.6
(0.3)

2.23
0.0375
12.0
(6.0)

5.95
0.0242
2,627.0
(1,077.2)

4.22
0.0547

14.19
0.0013
38.6
(10.3)

0.7
0.4137

3.21
0.0885

-

-

-

F
p
Estimate
(SE)

0.07
0.791

4.89
0.0388
5.3
(3.3)

0.09
0.7633

0.54
0.4704

0.35
0.7327

1.27
0.2731

4.38
0.0508

-

-

-

-

-

F
p
Estimate
(SE)

0.45
0.5113

4.43
0.0483
7.7
(2.9)

0.38
0.5452

0.01
0.9132

0.87
0.3939

0.12
0.7284

2.14
0.1609

-

-

-

-

-

F
p
Estimate
(SE)

0.67
0.4224

2.15
0.1577

0.82
0.3755

0.77
0.3919

0.51
0.6176

3.09
0.0957

1.16
0.2955

-

-

-

-

-

17.57
0.0004
4,515.4
(1,077.2)

-

-

F
p
Estimate
(SE)

11.35
0.0031
19.7
(6.1)

0.01
0.9176

7.55
0.0124
4.6
(1.7)

4.36
0.0499
0.7
(0.3)

1.51
0.1464

3.72
0.0682

3.32
0.0843

-

-

6.00
0.0248
8.603.0
(3,511.9)

F
p
Estimate
(SE)

0.31
0.5844

2.60
0.1223

0.78
0.3872

0.00
0.9994

0.45
0.6547

3.05
0.0961

0.48
0.4973

1.20
0.2868

-

-

-

-

-

-

-

-

F
p
Estimate
(SE)

0.02
0.8816

1.21
0.2846

0.38
0.5452

0.27
0.6068

0.70
0.4890

3.87
0.0632

0.33
0.5722

0.53
0.4735

-

-

-

-

-

-

-

-

2011 to 2012
C vs. T

H vs. L

4.80
0.0404
3.7
(1.7)

0.91
0.3509

2010 to 2011
C vs. T

H vs. L

Seedling (stems ha-1 )
Oak Competitor Bramble

-

-

-

-

9.92
0.0053
36.5
(11.6)
9.22
0.0068
31.0
(10.2)

-

1

Groundcover estimates in units of percent cover, number of species, or diversity (H', Shannon-Wiener Diversity Index). Seedlings were
>30.48 cm tall, <1.37 m tall. Small Saplings were >1.37 m tall, <2.54 cm DBH. M edium Saplings were >1.37 m tall, 2.54-7.62 cm DBH. Large
Saplings were >1.37 m tall, 7.62-12.70 cm DBH. Snags were dead woody stems >3.05 m tall, >12.70 cm DBH.
2

df for all contrast F statistics is (1, 20) unless the model included covariates, then one ddf is subtracted for every covariate. Interaction
contrasts are sorted by year interval and then by the effect of interest. C vs. T is the comparison of controls versus all treatments. H vs. L is
the comparsion between high and low basal area retention treatments. D vs. G compares dormant-season to growing-season burn units.
Estimates apply to the second term in the contrast label as it is related to the first. Estimates presented when contrast significant ( α=0.05).
For C, H, L, D, and G n=2 20-ha stands, and for T n=4.
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Table 8. Continued.
1

Models
-1

2

Oak

Interaction Contrasts
2009 to 2010
C vs. T
F
3.59
p
0.0734
Estimate
(SE)
H vs. L

F
p
Estimate
(SE)
2010 to 2011
C vs. T
F
p
Estimate
(SE)
H vs. L

D vs. G

D vs. G

-1

Medium Sapling (stems ha )
Oak

Competitor Other

-1

Large Sapling (stems ha )
Snag

Competitor

Other

5.89
0.0266
39.0
(16.1)

0.28
0.6046

1.25
0.2777

-

-

-1

(stems ha )

4.62
0.0455
1,147.7
(534.0)

3.99
0.0621

0.45
0.5117

0.84
0.3706

0.01
0.9419

1.03
0.3231

0.81
0.3786

-

-

-

-

-

-

0.11
0.7471

1.74
0.2045

1.73
0.2042

2.04
0.1689

0.35
0.5590

3.40
0.0802

0.13
0.7183

0.22
0.6465

0.00
0.9655

-

-

-

-

5.77
0.0261
35.1
(17.1)

-

-

-

-

-

28.93
<0.0001
-1,417.0
(365.2)

3.77
0.0672

1.65
0.2140

0.54
0.4729
-

4.94
0.0379
-139.4
(62.7)

0.30
0.5904

-

11.92
0.0025
-552.8
(182.1)

2.33
0.1450

-

15.62
0.0009
-187.4
(47.4)

7.31
14.96
0.0141 0.0011
-129.5 -2,057.6
(47.9) (532.0)

F
5.17
p
0.0348
Estimate -96.4
(SE)
(42.4)

0.03
0.8572

0.18
0.6784

-

-

6.50
0.0195
104.3
(40.9)

2.31
0.1461

0.48
0.4977

-

-

7.28
0.0142
123.2
(45.7)

32.37
<0.0001
3,011.9
(529.4)

F
14.12
p
0.0013
Estimate 154.8
(SE)
(41.2)
F
15.74
p
0.0008
Estimate -160.7
(SE)
(40.5)

F
p
Estimate
(SE)
2011 to 2012
C vs. T
F
p
Estimate
(SE)
H vs. L

6.38
0.0206
104.9
(41.5)

Small Sapling (stems ha )
Vines and
Competitor Other
Bramble
shrub

-

-

4.46
5.06
0.0482 0.0359
-1,007.0 -21.1
(528.8) (14.8)

0.33
0.5745

1.15
0.2985

0.23
0.6337

0.09
0.7681

0.00
0.9463

1.37
0.2562

-

-

-

-

-

-

7.02
0.0158
1,026.9
(531.0)

3.97
0.0602

0.04
0.8416

0.67
0.4245

0.57
0.4607

0.25
0.6222

0.00
0.9566

0.02
0.8760

-

-

-

-

-

-

-

40.15
<0.0001
1,260.7
(356.6)

9.91
0.0053
1,026.7
(591.3)

6.72
0.0174
29.9
(16.6)

0.15
0.7020

1.93
0.1819

3.06
0.0955

4.25
0.0548

0.03
0.8749

-

-

-

-

-

5.43
0.0303
24.7
(10.6)

1.41
0.2511

3.71
0.0708

1.01
0.3285

0.09
0.7677

1.66
0.2151

0.12
0.7311

0.56
0.4613

-

9.48
0.0059
43.0
(14.8)

0.41
0.5285

-

10.00
0.0051
1,356.0
(532.9)

-

-

-

-

-

-

1.40
0.2528

2.73
0.1167

1.43
0.2471

1.04
0.3202

0.02
0.8964

0.01
0.9306

0.51
0.4852

0.04
0.8348

0.03
0.8728

0.07
0.7965

-

-

-

-

-

-

-

-

-

-

1

Groundcover estimates in units of percent cover, number of species, or diversity (H', Shannon-Wiener Diversity Index). Seedlings were >30.48 cm tall, <1.37 m tall. Small Saplings were >1.37 m
tall, <2.54 cm DBH. M edium Saplings were >1.37 m tall, 2.54-7.62 cm DBH. Large Saplings were >1.37 m tall, 7.62-12.70 cm DBH. Snags were dead woody stems >3.05 m tall, >12.70 cm DBH.
2

df for all contrast F statistics is (1, 20) unless the model included covariates, then one ddf is subtracted for every covariate. Interaction contrasts are sorted by year interval and then by the effect
of interest. C vs. T is the comparison of controls versus all treatments. H vs. L is the comparsion between high and low basal area retention treatments. D vs. G compares dormant-season to
growing-season burn units. Estimates apply to the second term in the contrast label as it is related to the first. Estimates only presented when the contrast was significant ( α=0.05). For C, H, L, D,
and G n=2 20-ha stands, and for T n=4.
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-1

Table 9. Mean (SE) Seedling (>30.48 cm tall, <1.37 m tall) stem densities (stems ha ) of dominant species in 2012 by treatment during an oak woodland and savanna
restoration experiment at Catoosa Wildlife Management Area, Cumberland County, TN.
2

1

Species

Oak
White oak (Quercus alba)
Black oak (Quercus velutina)
Scarlet oak (Quercus coccinea )
Southern red oak (Quercus falcata )
Northern red oak (Quercus rubra )
Competitor
Red maple (Acer rubrum )
Sweetgum (Liquidambar styraciflua )
Yellow poplar (Liriodendron tulipifera )
Other
Sassafras (Sassafras albidum )
Blackgum (Nyssa sylvatica )
Sourwood (Oxydendron arboreum )
Flowering dogwood (Cornus florida )
Eastern white pine (Pinus strobus )
Vines and shrub
Lowbush blueberry (Vaccinium pallidum )
Cat greenbrier (Smilax glauca )
Deerberry (Vaccinium stamineum )
Roundleaf greenbrier (Smilax rotundifolia )
Muscadine vine (Vitis rotundifolia )
Mountain laurel (Kalmia latifolia )
Cumberland azalea (Rhododendron cumberlandense )
Farkleberry (Vaccinium arboreum )
Bramble
Southern blackberry (Rubus argutus )
Northern dewberry (Rubus flagellaris )
Swamp dewberry (Rubus hispidus )
1

Control

DormH

Treatment
GrowH

1,047.6 (355.5)
285.7 (126.3)
381.0 (166.8)
809.5 (253.4)

761.9 (296.5)
904.8 (260.7)
761.9 (415.1)
857.1 (339.7)
476.2 (209.3)

666.7 (202.4)
1,523.8 (432.8)
333.3 (163.3)
1,190.5 (465.0)
333.3 (163.3)

5,190.5 (1421.1)
2,381.0 (549.4)
1,666.7 (475.0)
904.8 (419.4)
714.3 (319.4)

1,095.2 (447.5)
1,000.0 (675.1)
904.8 (251.5)
285.7 (143.7)
857.1 (346.6)

11,333.3 (1,274.0)
47.6 (47.6)
142.9 (105.0)

18,476.2 (2,597.3)
476.2 (220.2)
142.9 (79.6)

18,761.9 (2,452.2)
47.6 (47.6)

17,904.8 (2,358.6)
333.3 (177.1)
-

14,381.0 (1,593.1)
95.2 (66.2)
428.6 (218.2)

761.9 (234.6)
809.5 (296.1)
285.7 (159.2)
238.1 (120.3)
1,571.4 (527.7)

7,523.8 (1,211.7)
2,381.0 (553.6)
3,428.6 (713.8)
619.1 (340.3)
-

11,714.3 (1935.4)
2,190.5 (415.1)
1,952.4 (579.1)
190.5 (190.5)
-

11,333.3 (1834.0)
3,285.7 (914.2)
1,857.1 (597.7)
285.7 (241.2)
-

11,619.1 (2,508.9)
3,238.1 (688.1)
1,476.2 (435.8)
428.6 (238.8)
47.6 (47.6)

9,666.7 (2,394.1)
1,619.1 (420.8)
238.1 (168.9)
571.4 (200.9)
1,809.5 (701.6)
1,190.5 (784.2)
-

21,571.4 (3,059.6)
2,666.7 (538.2)
3,285.7 (1,016.3)
2,809.5 (755.0)
714.3 (333.8)
190.5 (113.2)
-

16,666.7 (3,808.3)
4,523.8 (653.7)
2,571.4 (602.6)
809.5 (366.8)
285.7 (126.3)
142.9 (142.9)
1,047.6 (694.9)
47.6 (47.6)

21,523.8 (4,173.1)
3,619.1 (641.6)
714.3 (354.3)
1,857.1 (569.6)
619.1 (234.1)
146.9 (105.0)
-

8,809.5 (1,597.7)
3,095.2 (585.6)
1,047.6 (512.3)
1,238.1 (409.4)
857.1 (366.3)
142.9 (79.6)
1000.0 (605.5)

-

4,381.0 (1,526.9)
285.7 (198.5)
95.2 (66.2)

8,285.7 (2,521.7)
619.1 (296.1)
-

25,428.6 (3,537.5)
2,809.5 (1,071.0)
714.3 (360.8)

12,619.1 (2,262.5)
2,238.1 (876.3)
285.7 (210.0)

-1

DormL

GrowL

The top 5 woody and semi-woody species within each class and additional species with ≥1000 stems ha in any one treatment are presented
Control, unmanaged stands; DormH, dormant-season fire and high residual basal area (14 m2 ha-1); GrowH, growing-season fire and high residual basal area (14 m2 ha-1); DormL, dormant-season fire and low residual

2

basal area (7 m2 ha-1); and GrowL, growing-season fire and low residual basal area (7 m2 ha-1). For each treatment n=2 20-ha stands.
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Table 10. Mean (SE) Sapling (>1.37 m tall) stem densities (stems ha ) of dominant species in 2012 by diameter size class and treatment
-1

and Snag (Dead, >3.05 m tall, >12.70 cm DBH) stem density (stems ha ) by treatment during an oak woodland and savanna restoration
experiment at Catoosa Wildlife Management Area, Cumberland County, TN.
Common Name1

Control

DormH

Treatment2
GrowH

DormL

GrowL

Small (<2.54 cm DBH)
Oak
White oak (Quercus alba)
3.4 (2.3)
32.0 (18.2)
230.7 (122.0)
20.2 (12.3)
Black oak (Quercus velutina)
30.3 (14.5)
10.1 (5.6)
96.0 (21.0)
28.6 (17.1)
Scarlet oak (Quercus coccinea )
1.7 (1.7)
5.1 (2.8)
35.4 (13.3)
3.4 (2.3)
Southern red oak (Quercus falcata )
3.4 (2.3)
6.7 (3.2)
6.7 (5.3)
Northern red oak (Quercus rubra )
1.7 (1.7)
5.1 (3.7)
3.4 (3.4)
Chestnut oak (Quercus montana )
5.1 (5.1)
1.7 (1.7)
Competitor
Red maple (Acer rubrum )
1,096.4 (306.5) 3,373.4 (501.7) 3,555.3 (384.6) 3,250.5 (366.3) 3,375.1 (292.6)
Sweetgum (Liquidambar styraciflua )
124.6 (50.5)
101.1 (60.0)
30.3 (20.8)
Yellow poplar (Liriodendron tulipifera )
3.4 (3.4)
11.8 (6.3)
Other
Sourwood (Oxydendron arboreum )
134.7 (28.8)
705.7 (85.4)
668.6 (112.1) 1,002.1 (121.1) 760.8 (111.5)
Eastern white pine (Pinus strobus )
1,896.4 (421.2)
13.5 (5.4)
Sassafras (Sassafras albidum )
1.7 (1.7)
264.4 (92.5)
441.3 (80.4)
410.9 (94.4)
252.6 (78.9)
Blackgum (Nyssa sylvatica )
109.5 (39.0)
20.2 (11.0)
43.8 (16.6)
87.6 (20.6)
47.2 (15.1)
Flowering dogwood (Cornus florida )
8.4 (4.3)
104.4 (30.6)
15.2 (6.5)
28.6 (15.6)
65.7 (32.8)
American beech (Fagus grandifolia )
28.6 (13.6)
1.7 (1.7)
Mockernut hickory (Carya tomentosa )
3.4 (2.3)
10.1 (7.0)
6.7 (4.0)
20.2 (11.8)
8.4 (6.0)
Vines and shrub
Mountain laurel (Kalmia latifolia )
134.7 (100.7)
Cat greenbrier (Smilax glauca )
32.0 (18.7)
38.7 (15.1)
43.8 (18.9)
8.4 (4.9)
Winged sumac (Rhus copallinum )
1.7 (1.7)
40.4 (29.0)
8.4 (6.0)
13.5 (9.0)
Roundleaf greenbrier (Smilax rotundifolia )
16.8 (6.6)
8.4 (4.3)
15.2 (7.3)
11.8 (4.7)
Muscadine vine (Vitis rotundifolia )
1.7 (1.7)
6.7 (3.2)
16.8 (7.0)
5.1 (3.7)
16.8 (10.7)
Farkleberry (Vaccinium arboreum )
8.4 (8.4)
32.0 (30.3)
Bramble
Southern blackberry (Rubus argutus )
158.3 (117.3) 294.7 (127.9) 1,234.5 (336.5) 904.4 (263.2)
1

The top 5 woody and semi-woody species within each class and additonal species in the top 5 in any one treatment are presented
Control, unmanaged stands; DormH, dormant-season fire and high residual basal area (14 m2 ha-1); GrowH, growing-season fire and high residual basal area (14 m2 ha-1);

2

2

-1

2

-1

DormL, dormant-season fire and low residual basal area (7 m ha ); and GrowL, growing-season fire and low residual basal area (7 m ha ). For each treatment n=2 stands.
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Table 10. Continued.

Control

DormH

Treatment2
GrowH

3.4 (2.3)
1.7 (1.7)
-

5.1 (3.7)
10.1 (4.5)
6.7 (4.0)
1.7 (1.7)
-

-

-

1.7 (1.7)
1.7 (1.7)
-

99.4 (23.3)
-

43.8 (18.7)
5.1 (3.7)
-

35.4 (14.6)
-

3.4 (3.4)
-

30.3 (12.0)
-

13.5 (5.4)
437.9 (109.5)
1.7 (1.7)
45.5 (13.6)
27.0 (7.6)
3.4 (2.3)
1.7 (1.7)

23.6 (10.5)
1.7 (1.7)
1.7 (1.7)
27.0 (9.6)
114.5 (46.2)
20.2 (20.2)
6.7 (4.7)

5.1 (5.1)
1.7 (1.7)
48.8 (13.2)
13.5 (7.2)
10.1 (7.0)

5.1 (3.7)
3.4 (2.3)
-

10.1 (6.1)
6.7 (4.0)
5.1 (2.8)
6.7 (4.0)
1.7 (1.7)

21.9 (16.4)
-

-

3.4 (3.4)

-

-

8.4 (4.3)
1.7 (1.7)
6.7 (3.2)

5.1 (2.8)
16.8 (11.2)
3.4 (3.4)
8.4 (5.5)
-

10.1 (4.5)
3.4 (2.3)
3.4 (2.3)
1.7 (1.7)

3.4 (3.4)
-

6.7 (3.2)
1.7 (1.7)
-

Red maple (Acer rubrum )
Sweetgum (Liquidambar styraciflua )
Yellow poplar (Liriodendron tulipifera )
Other

72.4 (15.6)
-

23.6 (9.6)
6.7 (3.2)
-

11.8 (5.2)
-

1.7 (1.7)
-

13.5 (5.9)
-

Sourwood (Oxydendron arboreum )
Eastern white pine (Pinus strobus )
Sassafras (Sassafras albidum )
Blackgum (Nyssa sylvatica )
Flowering dogwood (Cornus florida )
American beech (Fagus grandifolia )
Mockernut Hickory (Carya tomentosa )

21.9 (8.6)
106.1 (36.8)
3.4 (2.3)
25.3 (8.3)
25.3 (7.2)
1.7 (1.7)
1.7 (1.7)

21.9 (7.9)
1.7 (1.7)
11.8 (7.1)
23.6 (10.2)
6.7 (4.0)

5.1 (2.8)
1.7 (1.7)
38.7 (11.0)
15.2 (8.4)
3.4 (2.3)

1.7 (1.7)
-

13.5 (5.9)
6.7 (4.0)
3.4 (2.3)
13.5 (5.9)
10.1 (5.1)
1.7 (1.7)

35.7 (7.4)

59.0 (10.6)

56.5 (9.9)

91.4 (14.6)

44.0 (9.2)

Common Name1
Medium (2.54-7.62 cm DBH)

DormL

GrowL

Oak
White oak (Quercus alba)
Black oak (Quercus velutina)
Scarlet oak (Quercus coccinea )
Southern red oak (Quercus falcata )
Northern red oak (Quercus rubra )
Chestnut oak (Quercus montana )
Competitor
Red maple (Acer rubrum )
Sweetgum (Liquidambar styraciflua )
Yellow poplar (Liriodendron tulipifera )
Other
Sourwood (Oxydendron arboreum )
Eastern white pine (Pinus strobus )
Sassafras (Sassafras albidum )
Blackgum (Nyssa sylvatica )
Flowering dogwood (Cornus florida )
American beech (Fagus grandifolia )
Mockernut hickory (Carya tomentosa )
Vines and shrub
Mountain laurel (Kalmia latifolia )
Farkleberry (Vaccinium arboreum )
Large (7.62-12.70 cm DBH)
Oak
White oak (Quercus alba)
Black oak (Quercus velutina)
Scarlet oak (Quercus coccinea )
Southern red oak (Quercus falcata )
Northern red oak (Quercus rubra )
Chestnut oak (Quercus montana )
Competitor

Snag
1

The top 5 woody and semi-woody species within each class and additonal species in the top 5 in any one treatment are presented

2

2

-1

2

-1

Control, unmanaged stands; DormH, dormant-season fire and high residual basal area (14 m ha ); GrowH, growing-season fire and high residual basal area (14 m ha );
2

-1

2

-1

DormL, dormant-season fire and low residual basal area (7 m ha ); and GrowL, growing-season fire and low residual basal area (7 m ha ). For each treatment n=2 stands.
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Table 11. ANCOVA/ANOVA model results for Seedling (>30.48 cm tall, <1.37 m tall) stem densities (stems ha -1 ) by species group
during an oak woodland and savanna restoration experiment, 2008-2012, at Catoosa Wildlife Management Area, Cumberland County,
TN. Bold indicates significant effects at α=0.05.
Treatment × Year

Year

Treatment
(df = 4, 5)

(df = 4, 20)

Model

F

p

F

p

F

p

Oak
Competitor

1.97
0.82

0.2371
0.5634

24.91
17.34

<0.0001
<0.0001

3.12
1.92

0.0088
0.0918

Other
Vines and shrub

10.77
7.70

0.0113
0.0230

26.73
48.33

<0.0001
<0.0001

1.81
2.24

0.1048
0.0476

Bramble

5.38

0.0468

22.27

<0.0001

5.52

0.0003

3

1

(df = 16, 20)1

Covariates (df = 1, 20)1,2
Variable

F
4

Scorch height
11.29
Slope position
5.44
Large midstory density 7.84
None
4
Scorch height
14.00
Slope position
5.35
Aspect
8.06

p
0.0047
0.0315
0.0118
0.0022
0.0321
0.0105

1

One df subtracted from the denominator df for each covariate included in the model.

2

Significant (α=0.05) covariates.

3

Species groups include Oak (genus Quercus ), Competitor (Acer rubrum , Liriodendron tulipifera , and Liquidambar styraciflua ), Other (all other tree species), Vines and
shrub (determined by growth habit, largely Vaccinium and Smilax spp.), and Bramble (genus Rubus ).
4
Linear regression determined the relationship between dependent variables and scorch height for stand average data in 2 years post fire (n=16). If a significant relationship was
found post fire data (2011-2012) was adjusted prior to ANCOVA/ANOVA analysis. F and p presented for scorch height are from this linear regression model (df =1,14).
For each treatment and year n=2 20-ha stands.
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Table 12. ANCOVA/ANOVA model results for Sapling (>1.37 m tall) stem densities (stems ha ) by size class and species
group and Snag (Dead, >3.05 m tall, >12.70 cm DBH) stem density (stems ha-1 ) during an oak woodland and savanna
restoration experiment, 2008-2012, at Catoosa Wildlife Management Area, Cumberland County, TN. Bold indicates significant
effects at α=0.05.
Treatment × Year

Year

Treatment
(df = 4, 5)

(df = 4, 20)

F

p

F

p

F

p

Variable

F

p

Small
(<2.54 cm DBH)
Oak
Competitor

3.81
0.78

0.0874
0.5867

13.93
56.87

<0.0001
<0.0001

5.41
3.05

0.0004
0.0126

Other

1.29

0.3854

47.83

<0.0001

5.14

0.0008

Vines and shrub
Bramble

4.37
8.48

0.0688
0.0188

6.71
9.81

0.0015
0.0001

2.82
2.19

0.0165
0.0495

Canopy cover
Slope
Slope position
Aspect
Canopy cover
Live basal area
Aspect
None

6.63
9.90
6.04
5.79
7.51
7.48
7.05
-

0.0185
0.0056
0.0243
0.0277
0.0140
0.0141
0.0156
-

Medium
(2.54-7.62 cm DBH)
Oak
Competitor

1.29
6.33

0.3855
0.0341

1.12
10.82

0.3759
0.0001

2.92
2.81

0.0127
0.0186

None
Aspect
Slope position

4.81
16.04

Scorch height4

Model3

Other
Large
(7.62-12.70 cm DBH)
Oak
Competitor

1

1

(df = 16, 20)

1,2

Covariates (df = 1, 20)

4.84

0.0417
0.0008
0.0451

4

1.62

0.3026

5.75

0.0030

3.18

0.0081

Scorch height

21.09

0.0004

2.68
1.07

0.1542
0.4594

1.67
1.59

0.1956
0.2235

1.47
3.10

0.2046
0.0132

None
Slope
Aspect
Slope position

6.88
23.79
10.53

4

10.50

0.0178
0.0001
0.0048
0.0059

4

13.11

0.0028

4

65.90

<0.0001

Scorch height
Other
Snag

1.16

0.4253

0.38

0.8176

1.57

0.1692

Scorch height

2.25

0.1984

10.05

0.0001

5.12

0.0004

Scorch Height

1

One df subtracted from the denominator df for each covariate included in the model.
Significant (α=0.05) covariates.

2

3

Species groups include Oak (genus Quercus ), Competitor (Acer rubrum , Liriodendron tulipifera , and Liquidambar styraciflua ), Other (all other tree species),
Vines and shrub (determined by growth habit, largely Vaccinium and Smilax spp.), and Bramble (genus Rubus ).
4
Linear regression determined the relationship between dependent variables and scorch height for stand average data in 2 years post fire (n=16). If a significant
relationship was found post fire data (2011-2012) was adjusted prior to ANCOVA/ANOVA analysis. F and p presented for scorch height are from this linear
regression model (df=1,14).
For each treatment and year n=2 20-ha stands.
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Table 13. Covariate slope estimates (SE) for all significant (α=0.05) covariates within
ANCOVA models used in the analysis of vegetation response during an oak woodland and
savanna restoration experiment, 2008-2012, at Catoosa Wildlife Management Area,
Cumberland County, TN.
Models1
Groundcover (%)
Legume
Fern

Covariate

Slope Estimate (SE)

Slope position
Slope position

-0.5 (0.2)
-2.6 (1.1)

Seedling (stems ha-1 )
Scorch height2

Oak

2,360.5 (702.4)
3

Competitor

Large midstory density
Slope position
Slope position

Vines and shrub

2

-6.8 (2.4)
3,574.2 (1,532.5)
6,179.7 (2,671.7)

Scorch height
Aspect

11,433.0 (3,055.7)
-4,987.6 (2,180.7)

Vines and shrub

Canopy cover
Slope
Slope position
Aspect
Live basal area
Canopy cover
Aspect

-1.85 (0.72)
-102.44 (32.56)
599.48 (243.90)
-881.68 (314.15)
-71.31 (29.22)
12.74 (7.45)
-490.90 (343.30)

Medium Sapling (stems ha-1 )
Competitor

Aspect

-66.7 (30.4)

Bramble
-1

Small Sapling (stems ha )
Oak
Competitor
Other

Other Specie
Large Saplings (stems ha-1 )
Competitor

Other

2

Scorch height
Slope position

-11.7 (8.7)
76.6 (19.1)

Scorch height2

-32.1 (26.8)

Aspect
Slope

81.5 (16.7)
-2.6 (1.0)

Scorch height2
Slope position

-9.5 (8.4)
-26.4 (8.1)

2

-31.0 (9.3)

2

28.7 (3.3)

Scorch height
-1

Snag (stems ha )

Scorch height

1

Groundcover estimates in units of percent cover. Seedlings were >30.48 cm tall, <1.37 m tall. Small Saplings were
>1.37 m tall, <2.54 cm DBH. M edium Saplings were >1.37 m tall, 2.54-7.62 cm DBH. Large Saplings were >1.37 m
tall, 7.62-12.70 cm DBH. Snags were dead woody stems >3.05 m tall, >12.70 cm DBH.
2
Linear regression determined the relationship between dependent variables and scorch height for stand average data
in 2 years post fire (n=16). If a significant relationship was found post fire data (2011-2012) was adjusted prior to
ANCOVA/ANOVA analysis. Slope estimates presented for scorch height are from this linear regression model.
3

-1

Large M idstory Density was the sum of M edium and Large sapling densities (stems ha )
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Table 14. Mean (SE) percent groundcover and stem densities (stems ha-1 ) of all exotic and non-native species encountered in 2012 by
treatment during an oak woodland and savanna restoration experiment at Catoosa Wildlife Management Area, Cumberland County, TN.
2

Species1

Treatment
GrowH

Control

DormH

-

0.3 (0.3)
0.1 (0.1)
0.1 (0.1)

-

-

Small Sapling (>1.37 m tall, <2.54 cm DBH; stems ha )
Tree of heaven (Ailanthus altissima )
Medium Sapling (>1.37 m tall, , 2.54-7.62 cm DBH; stems ha-1 )
Tree of heaven (Ailanthus altissima )

Groundcover (%)
Nepalese browntop (Microstegium vimineum )
Japanese honeysuckle (Lonicera japonica )
Miniature beefsteak plant (Mosla dianthera )
Multiflora rose (Rosa multiflora )
Sericea lespedeza (Lespedeza cuneata )

DormL

GrowL

-

0.5 (0.3)
0.1 (0.1)
-

0.1 (0.1)
0.1 (0.1)
0.1 (0.1)
-

-

-

-

95.2 (95.2)

-

-

-

-

20.2 (15.8)

-

-

-

-

1.7 (1.7)

-

-1

Seedling (>30.48 cm tall, <1.37 m tall; stems ha )
Tree of heaven (Ailanthus altissima )
-1

1

All exotic and non-native species encountered.

2

Control, unmanaged stands; DormH, dormant-season fire and high residual basal area (14 m2 ha-1); GrowH, growing-season fire and high residual basal area (14 m2 ha-1);
2

-1

2

-1

DormL, dormant-season fire and low residual basal area (7 m ha ); and GrowL, growing-season fire and low residual basal area (7 m ha ). For each treatment n=2 stands.
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Appendix B: Figures
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Figure 1. Experimental design layout for an oak woodland and savanna restoration experiment using canopy disturbance and seasonal prescribed fire. Treatments allocated in
10 20-ha experimental units at Catoosa Wildlife Management Area, Cumberland County, TN.

1

1

Control, unmanaged stands; DormH, dormant-season fire and high residual basal area (14 m2 ha-1); GrowH, growing-season fire and high residual basal area (14 m2 ha-1); DormL, dormant-season fire and low residual

basal area (7 m2 ha-1); and GrowL, growing-season fire and low residual basal area (7 m2 ha-1).

124

Figure 2. Survey plot schematic for measuring vegetation response to an oak woodland and savanna restoration experiment at Catoosa Wildlife Management Area, Cumberland County, TN.
2

A.) Plot center; B.) Point intercept transect with 50 1-m groundcover intervals; C.) Seedling (>30.48 cm tall, <1.37 m tall) stem density 1-m sub-plot (n=7/plot); D.) Sapling (>1.37 m tall,
<12.7 cm DBH) stem density 3-m radius sub-plot (n=7/plot); E.) Overstory tree (>12.7 cm DBH) 11.3-m radius sub-plot. Distances indicated are relative to plot center.

12.5 m

E
25.0 m

B

12.5 m

D
A
C
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Figure 3. Groundcover measure interactions between treatment and year during an oak woodland and savanna restoration experiment, 2008-2012, at Catoosa Wildlife
Management Area, Cumberland County, TN. A.) Graminoid percent groundcover; B.) Species richness; C.) Species diversity (Shannon-Wiener Diversity Index).

1

Canopy Disturbance (Jun. 2008)
1

2

Prescribed Fire (Oct. 2010, Mar. 2011)

-1

2

-1

Control, unmanaged stands; DormH, dormant-season fire and high residual basal area (14 m ha ); GrowH, growing-season fire and high residual basal area (14 m ha ); DormL, dormant-season fire and low residual basal area
2
-1
2
-1
(7 m ha ); and GrowL, growing-season fire and low residual basal area (7 m ha ). For each treatment and year n=2 20-ha stands.
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Figure 4. Seedling (>30.48 cm tall, <1.37 m tall) density (stems ha-1 ) interactions between treatment and year during an oak woodland and savanna restoration experiment, 20082012, at Catoosa Wildlife Management Area, Cumberland County, TN. A.) Oak; B.) Vines and shrub; C.) Bramble.

1

Canopy Disturbance (Jun. 2008)

Prescribed Fire (Oct. 2010, Mar. 2011)

1

Control, unmanaged stands; DormH, dormant-season fire and high residual basal area (14 m2 ha-1); GrowH, growing-season fire and high residual basal area (14 m2 ha-1); DormL, dormant-season fire and low residual basal area
(7 m2 ha-1); and GrowL, growing-season fire and low residual basal area (7 m2 ha-1). For each treatment and year n=2 20-ha stands.
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-1

Figure 5. Small Sapling (>1.37 m tall, <2.54 cm DBH) density (stems ha ) interactions between treatment
and year during an oak woodland and savanna restoration experiment, 2008-2012, at Catoosa Wildlife
Management Area, Cumberland County, TN. A.) Oak; B.) Competitor; C.) Other; D.) Vines and shrub;
E.) Bramble.

Figure 5. Significant medium (>1.37 m tall, 2.54-7.62 cm DBH) and large (>1.37 m tall, 7.62-12.70 cm
DBH) midstory and snag (dead stems >3.05 m tall, >12.70 cm DBH) stem density interactions between
treatment and year at Catoosa Wildlife Management Area during (2008-2012) an oak woodland and

1

Canopy Disturbance (Jun. 2008)

Prescribed Fire (Oct. 2010, Mar. 2011)

1

Control, unmanaged stands; DormH, dormant-season fire and high residual basal area (14 m 2 ha-1); GrowH, growing-season fire and
2

-1

2

-1

high residual basal area (14 m ha ); DormL, dormant-season fire and low residual basal area (7 m ha ); and GrowL, growing-season
2

-1

fire and low residual basal area (7 m ha ). For each treatment and year n=2 20-ha stands.
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Figure 6. Medium (>1.37 m tall, 2.54-7.62 cm DBH) and Large (>1.37 m tall, 7.62-12.70 cm DBH)
Sapling and Snag (Dead, >3.05 m tall, >12.70 cm DBH) stem density (stem ha -1 ) interactions between
treatment and year during an oak woodland and savanna restoration experiment, 2008-2012, at Catoosa
Wildlife Management Area, Cumberland County, TN. A.) Medium Oak Sapling; B.) Medium Competitor
Sapling; C.) Medium Other Sapling; D.) Large Competitor Sapling; E.) Snag.

1

Canopy Disturbance (Jun. 2008)
1

Prescribed Fire (Oct. 2010, Mar. 2011)

Control, unmanaged stands; DormH, dormant-season fire and high residual basal area (14 m 2 ha-1); GrowH, growing-season fire and
2

-1

2

-1

high residual basal area (14 m ha ); DormL, dormant-season fire and low residual basal area (7 m ha ); and GrowL, growing-season
2

-1

fire and low residual basal area (7 m ha ). For each treatment and year n=2 20-ha stands.
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Figure 7. Post hoc regression on the relationship between herbaceous groundcover measures and overstory metrics during
an oak woodland and savanna restoration experiment, 2008-2012, at Catoosa Wildlife Management Area, Cumberland
County, TN. A.) Live basal area (m2 ha-1 ) versus total herbaceous groundcover (sum of % cover for graminoid, forb, and
legumes); B.) Canopy cover (%) versus total herbaceous groundcover; C.) Live basal area versus herbaceous species
richness; D.) Canopy cover (%) versus herbaceous species richness; E.) Live basal area versus herbaceous species
diversity (Shannon-Wiener Diversity Index); F.) Canopy cover (%) versus herbaceous species diversity.

Third degree polynomial relationship between total herbaceous cover and canopy cover (F 3,30=32.5, p <0.0001). Second degree polynomial relationships:
live basal area vs. total herbaceous cover (F 2,28=104.8, p <0.0001) and vs. herbaceous species richness (F 2,28=122.3, p <0.0001). Significant linear
relationships: live basal area vs. herbaceous diversity (F 1,29=127.0, p <0.0001), canopy cover vs. herbaceous species richness (F 1,32=26.1, p <0.0001), and
vs. herbaceous diversity (F 1,32=26.2, p <0.0001). All terms and slope estimates significantly different from zero (p <0.0001).
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Figure 8. Restoration progress from 2008 to 2012 in terms of herbaceous groundcover and Large Midstory stem density goals
for eight 20 ha stands during an oak woodland and savanna restoration experiment at Catoosa Wildlife Management Area,
Cumberland County, TN.
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Large M idstory Density is the sum of M edium (>1.37 m tall, 2.54-7.62 cm DBH) and Large (>1.37 m tall, 7.62-12.70 cm DBH) sapling densities.
Control, unmanaged stands; DormH, dormant-season fire and high residual basal area (14 m2 ha-1); GrowH, growing-season fire and high residual basal area
(14 m2 ha-1); DormL, dormant-season fire and low residual basal area (7 m2 ha-1); and GrowL, growing-season fire and low residual basal area (7 m2 ha-1).
Two replicates of each treatment are presented, with the first shape within each replicate depicting 2008 dependent means and the second shape at the end of
the arrow representing 2012 dependent means. The shaded area represents the overlap of both herbaceous groundcover and large midstory density goals.
2
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III. USE OF MIDSTORY HERBICIDE TREATMENTS WITH FIRE AND
CANOPY DISTURBANCE FOR OAK WOODLAND AND SAVANNA
RESTORATION IN THE MID-SOUTH USA
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Abstract
Fire-dependent oak woodlands and savannas are one of the most endangered
communities in North America, and have been nearly eliminated from the Mid-South.
Restoration involving canopy disturbance promotes vigorous woody midstories, negatively
affecting herbaceous development and desirable oak regeneration. Fire is often used to reduce
this woody vegetation, but it can be inefficient. Therefore we conducted an experiment (split-plot
design) to evaluate groundcover and woody seedling and sapling response to herbicide
treatments. Four whole-plot treatments (2 replicates of each) were allocated in 20-ha
experimental units under a CRD: a factorial combination of growing-season fire (Grow),
dormant-season fire (Dorm), high basal area retention (H; 14 m2 ha-1 residual basal area), and
low basal area retention (L; 7 m2 ha-1). Sub-plot treatments consisted of 5 paired, 0.04-ha plots
per whole-plot treatment where midstory woody vegetation was treated (Spray; 2% Garlon 3A®
foliar spot-spray) or left un-treated (No Spray). Our study was located on the Cumberland
Plateau in Tennessee. Treatments were completed in September 2008 (canopy disturbance),
October 11, 2010 (Grow), March 22, 2011 (Dorm), and September, 2011 (Spray). We monitored
groundcover at 1-m intervals on 5, 10-meter point-intercept transects and woody seedling and
saplings in 6, fixed-area sub-plots during 2011-2012. Separate ANCOVA/ANOVA models with
repeated measures were developed for each dependent variable. Herbicide treatments reduced the
cover and density of woody plants more than fire alone, and reduced larger size classes
unaffected by fire (p < 0.05). We also found herbicide applications were most effective following
late growing-season fire (p = 0.017). Stem densities of oak competitors >1.37 m tall but <2.54
cm DBH (the most abundant class of woody vegetation, largely Acer rubrum) were stable or
decreasing in Spray/Grow but increasing in Spray/Dorm from 2011 to 2012 (p < 0.05). These
reductions occurred without effects on herbaceous diversity and richness, or forb and legume
groundcover (p > 0.24). Spray increased graminoid cover in GrowL (p = 0.028). Spray
treatments cost $193.61 ha-1 to implement. Future monitoring documenting herbaceous layer
expansion in response to woody midstory herbicide treatments could provide additional
justification for the added restoration costs.
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1. Introduction
Once dominating 11-13 million ha of the transitional zone between western prairies and
eastern deciduous forests, oak savannas have been reduced to <1% of their original extent
(Nuzzo, 1986). The Mid-South historically supported vast tracts of oak savannas and woodlands
that exist now only in small isolated remnants (Davis et al. 2002; Delcourt et al., 1998; DeSelm,
1994; Van Lear and Waldrop, 1989). These open-oak communities are among the most
threatened community types in North America (Noss and Peters, 1995), and temperate
grasslands, savannas, and shrublands are the single most endangered terrestrial biome in the
world (Hoekstra et al., 2005). The restoration of open-oak communities is an extremely efficient
use of conservation resources based on the wide variety of plant and wildlife species that can
exploit them, due in part to their successionally transitional nature (Davis et al., 2000). Oak
savannas are defined by sparse oak dominated overstories, with canopy cover ranging from 10 to
30%, and the presence of a rich, diverse ground layer of grasses, forbs, and legumes (FaberLangendoen, 2001; Leach and Givnish, 1999; Nelson, 2002). Oak woodlands have higher
canopy cover but maintain a robust herbaceous ground layer (Taft, 1997). The transitional nature
of these systems results in greater herbaceous plant diversity than occurs in either prairie or
forest communities, making oak savannas and woodlands important targets of conservation and
restoration (Belsky et al., 1989; Leach and Givnish, 1999).
Mechanical disturbance of the overstory is a desirable first step in restoration because it
accelerates the process (Bowles and Mcbride, 1998), yields the best results with respect to
structure and diversity (Brudvig and Asbjornsen, 2009a, 2009b) and can generate revenue to
offset restoration costs (Laubach, 2000; Nielsen et al., 2003). However, canopy disturbance
promotes the vigorous growth of midstory woody plants (McGuire et al., 2001, Kirkman et al.,
2007; Pecot et al., 2007) that can preclude the establishment of an herbaceous ground layer
(Barrioz et al., 2013; DeSelm and Clebsch, 1991; Lett and Knapp, 2003; Hutchinson et al.,
2005a). This dense woody midstory growth is often comprised of mesophytic oak competitor
species (i.e., Acer spp, Liriodendron tulipifera, and Liquidambar styraciflua) that rapidly
overtop and out-compete oak regeneration, a key concern for maintaining sustainable oak
savannas and woodlands (Aubrey, 2004; Johnson et al., 2009; Van Lear, 2004). Fire historically
limited woody midstory development, and is commonly incorporated in restoration efforts
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(Anderson et al., 1999). However, frequent fire application (every 1-2 years) for several years is
costly but usually necessary to reduce this woody midstory and restore savannas and woodlands
(Apfelbaum and Haney, 1987). Woody encroachment control is a critical element of restoration,
and a lack of such control is one of the greatest threats to the maintenance of early successional
vegetation types (Briggs et al., 2005). Managers often seek to achieve all of these goals while
reducing the restoration timeframe to save money, time, and other resources.
Present fire suppression has resulted in successional changes that are best corrected by
growing-season fire. Advantages over dormant-season fire include greater woody plant mortality
(Gruchy et al., 2006; Waldrop and Lloyd, 1991), greater oak competitor reductions with
comparatively minimal oak mortality (Brose and Van Lear, 1998; Keyser et al., 1996; Kruger
and Reich, 1997), and greater gains in the herbaceous ground layer (Schwartz and Heim, 1996;
Keyser et al., 2004; White et al., 1991). Dormant-season fire, which is widely used by managers
in the Mid-South, results in prolific resprouting of woody vegetation (Knapp et al., 2009).
Relatively little is known about how fire affects herbaceous layer development within the context
of oak savanna and woodland restoration (McPherson, 1997), and few studies have evaluated the
effects of seasonal variation in fire on herbaceous communities of hardwood ecosystems in the
Mid-South (Gilliam and Roberts, 2003; Knapp et al., 2009). Furthermore, research into the
potential ecological tradeoffs in implementing fire for oak regeneration is needed (Arthur et al.,
2012), specifically within the context of woodland and savanna management.
Herbicide treatments of woody midstories could potentially reduce the restoration
timeframe even further without negative impacts on desirable herbaceous vegetation (Ansley and
Castellano, 2006; Walker and Silletti, 2006). In fact, woody control herbicide treatments have
been shown to increase the richness and abundance of understory herbaceous plants (Gruchy et
al., 2006; Miller et al., 2003; Stritzke et al., 1991), and produce greater ground-level light
infiltration than overstory manipulation alone where the midstory was still intact (McCord and
Harper, 2011). In addition, herbicide applications have proven successful in the release of
advanced oak regeneration within the understory of hardwood forests (Loftis, 1990; Bowles et
al., 1994; Lorimer et al., 1994). Herbicide applications have been effective in pine savanna
management (Freeman and Jose, 2009), but no research has evaluated herbicide applications as a
technique to restore oak savannas in the Mid-South, and little research has been conducted on
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their use in oak woodland restoration (McCord and Harper, 2011). The high diversity of
herbaceous plants found in oak savannas (Brudvig and Asbjornsen, 2009b) and the potential of
non-target damage by herbicides (Wilkins et al., 1993; Keyser and Ford, 2006) warrants research
into the efficacy of these chemicals in restoring the herbaceous ground component of oak
savanna and woodland communities. Combining the desirable effects of both growing-season
fire and herbicide applications could potentially provide considerable improvements in oak
savanna and woodland restoration techniques.
Based on these observations, we designed an experiment to document the response of
herbaceous and woody vegetation to variations in restoration strategy from a closed-canopy
starting point. Specifically, we sought to assess the effects of midstory herbicide treatments and
interactions of such treatments with canopy reduction and season of burn on key measures of
restoration success including:
1. herbaceous groundcover including graminoid, forb, legume, fern, and species
richness and diversity;
2. size class specific stem densities of oaks, oak competitors, other tree species, vines
and shrubs, and brambles, and woody groundcover;
3. dead and down coarse woody debris; and
4. cost documentation for the herbicide applications.
Our ultimate goal was to identify the most efficient combination of treatments for restoration of
sustainable oak savannas and woodlands. The development of robust herbaceous ground layers,
competitive oak regeneration, and woody encroachment control are critical indicators of
successful oak savanna and woodland restoration strategies.
2. Methods
2.1 Study Area
Our research was conducted at Catoosa Wildlife Management Area (CWMA), a 32,374
ha property owned and managed by the Tennessee Wildlife Resources Agency (TWRA), located
in Cumberland, Morgan, and Fentress Counties, Tennessee (84° 84' 59.10" N, 36° 07' 81.70" W).
The CWMA is located in the Cumberland Plateau and Mountains physiographic region (DeSelm,
1994). Forests were established during the 1920s following agricultural abandonment and
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logging followed by a period (1930’s and 1940’s) of free-range, summer grazing, with associated
spring fires. At the time of our study, forests consisted of oak-dominated, upland hardwoods and
pine-hardwood stands approximately 80 - 100 years old. Shortleaf Pine (Pinus echinata) had
been a major overstory component prior to a pine bark beetle (Dendroctonus frontalis) outbreak
in 1999-2000. Salvage cutting began in 2002, and the initiation of an oak savanna restoration
project by TWRA followed.
Elevations within our study area ranged from 437-521 m, slopes from 1 – 60 %, and
average aspects from 131-267°. Soils included Gilpin, Lonewood, and Lily loams, all of which
are mesic typic Hapladults (USDA Natural Resources Conservation Service, 2010) over
weathered sandstone and conglomerate from the Pennsylvanian geologic age (USGS, 2005).
From 1971 to 2000 the average annual precipitation was 153 cm and the mean annual
temperature was 12 °C in nearby Crossville, TN (NOAA Climate Data Center, 2009). Pretreatment overstory in 2008 was dominated by red maple (Acer rubrum; 2.89 m2 ha-1), white oak
(Quercus alba; 2.85 m2 ha-1), sourwood (Oxydendrum arboreum; 1.86 m2 ha-1), southern red oak
(Q. falcata; 1.82 m2 ha-1), black oak (Q. veluntina; 1.56 m2 ha-1), hickory (Carya spp; 1.13 m2 ha1

), scarlet oak (Q. coccinea; 0.99 m2 ha-1), blackgum (Nyssa sylvatica; 0.83 m2 ha-1), and post oak

(Quercus stellata; 0.83 m2 ha-1). Midstories were comprised of blackgum (Nyssa sylvatica),
downy serviceberry (Amelanchier arborea), red maple, sourwood, and sassafras (Sassafras
albidum). The ground layer contained relatively few grasses, forbs, and legumes, and was
dominated by Vaccinium spp., woody plant regeneration, and litter. At the start of the study,
mean canopy cover within treatment units was >80%, mean live basal area >14 m2 ha-1, and
mean live overstory stem density (trees >12.7 cm DBH) >270 stems ha-1 (Table 1).
2.2 Experimental Design
We delineated eight 20-ha stands, configured to minimize topographic variation and
maximize core area, during the spring, 2008. Using a completely randomized design with two
replicates (Figure 1), we randomly assigned one of 4 treatments to each stand: growing-season
fire and high residual basal area retention (14 m2 ha-1; GrowH), growing-season fire and low
residual basal area retention (7 m2 ha-1; GrowL), dormant-season fire and high residual basal area
retention (14 m2 ha-1; DormH), and dormant-season fire and low residual basal area retention (7
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m2 ha-1; DormL). Overstory canopy reductions were completed by commercial logging by June,
2008. We conducted prescribed fires on October 11, 2010 (Grow), and on March 22, 2011
(Dorm).
At 5 random locations within the core (50 m buffer) of each 20-ha canopy
disturbance/fire-season treatment unit (Figures 1, 2) we installed two 0.04-ha (16 by 22 m)
herbicide units, separated by a 5 m buffer (Figure 2). We then randomly assigned the herbicide
application treatment to one herbicide unit within each pair (Spray), and designated the other
herbicide unit as an un-treated control (No Spray). Thus, we had 5 replicates of the paired
herbicide treatment units within each of the eight whole-plot (canopy disturbance/fire-season
treatment) stands, or 40 pairs total.
2.3 Herbicide Application Techniques
We selected triclopyr (Garlon® 3A; triclopyr amine; Dow Chemical Company, Midland,
MI) based on its broad-spectrum control of woody species, lack of residual soil activity, and
ineffectiveness on grasses (Dow Agrosciences LLC, 2005; Jackson and Finley, 2007). We
applied the herbicide using a foliar spray technique with backpack sprayers filled with a 2%
solution of Garlon® 3A and 1% non-ionic surfactant. We spot-sprayed woody midstory
vegetation until all foliage was thoroughly wetted (not dripping) within specific target
constraints. We sprayed all woody vegetation >1.37 m tall but <12.70 cm DBH, and woody
vegetation <1.37 m tall that had multiple re-sprouting stems that collectively added to >2.54 cm
in diameter. When woody vegetation fit this criteria but was also >1.83 m tall, we used a hackand-squirt method with a 1:1 solution of water and Garlon® 3A. Additionally, we left up to 5
stems per herbicide unit within these criteria that were desirable species (Quercus spp., Carya
spp., Pinus echinata) untreated to gauge impacts on regeneration. We conducted all herbicide
applications on September 2nd, 9th, and 14th, 2011.
2.4 Vegetation Field Methods
We conducted all pre-treatment sampling during July-August 2011, and post-treatment
sampling in July-August, 2012. To reduce the bias associated with edge effects, we conducted all
sampling within the core (2 m buffer) of each 0.04-ha herbicide unit. From plot center (Figure 2),
138

we recorded percent slope, aspect, and slope position. We assigned slope positions for each
herbicide unit a numerical value such that alluvial, cove, toe-slope, mid-slope, shoulder, and
ridge were classified 1-6, respectively. We took four spherical densiometer measurements at plot
center by facing each cardinal direction and used the average as a measure of overstory canopy
cover. Within each herbicide unit, we established 5 transects running perpendicularly to the long
axis at 3-m intervals. We characterized groundcover at 1-m intervals along these transects using
the point intercept method (10/transect, 50 total; Figure 2.C; Owensby, 1973). At each 1-meter
interval, we identified all intersecting vegetation below 1.37 m in height to species and then
categorized those as graminoid, forb, legume, fern, or woody/semi-woody vegetation (trees,
vines, shrubs, brambles, and greenbriers). When no vegetation was present, we characterized
interval cover as rock, litter, bare ground, or woody debris. We defined woody debris cover as
>7.62 cm in diameter.
We counted and identified to species seedling size trees (>30.48 cm tall and <1.37 m tall;
Seedling) in 6, 1-m2 sub-plots. Two sub-plots were located along each of the 1st, 3rd, and 5th
groundcover sampling transects (Figure 2). We likewise identified to species, counted, and
placed into one of three size classes (Seedling [>30.48 cm tall and <1.37 m tall], Small Sapling
[>1.37 m tall and <2.54 cm DBH], or Medium Sapling [>1.37 m tall and >2.54 but <7.62 cm
DBH]) all woody vines and shrubs, and semi-woody species (brambles/greenbriers) within these
1-m2 sub-plots. We sampled midstory woody vegetation (Saplings) at 6, 3-m radius sub-plots
centered at the same locations as the 1-m2 sub-plots (Figure 2). Within these sub-plots, we
identified Saplings to species, counted stems, and placed them into one of three size classes
based on DBH in cm (Small Sapling, Medium Sapling, or Large Sapling [>7.62 and <12.7 cm]).
We sampled the overstory using an 11.3-m radius plot around each herbicide unit’s center
(Figure 2). Within this plot we identified all trees >12.7 cm in DBH to species, placed them into
5.08 cm interval DBH size classes, and tallied them as live or dead.
2.4 Fire Behavior and Intensity Field Methods
We collected fire behavior and intensity, weather conditions, and fuel moisture for each
prescribed fire to help evaluate fire impacts. At half-hour intervals over the course of each
prescribed fire, we documented weather conditions including ambient temperature (°C), relative
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humidity, wind speed (m/s), wind direction, and cloud cover (0-clear skies, 1-partly cloudy, 2overcast) with a Kestrel© weather meter (Nielsen-Kellerman, Boothwyn, PA). Pre-burn, we
randomly generated 3 locations within a representative stand at mesic, xeric, and ridge locations
using ArcGIS. At each location we laid out transects perpendicular to land slope and collected
10, 22.32-cm2 fine fuel samples (litter and 1-h fuels down to the duff layer) at 1-meter intervals.
We weighed samples and then oven-dried them for 5 days at 116°C and recorded their final
weights to determine fine-fuel moisture content. Additionally, we weighed and placed 10-hr fuel
moisture sampling sticks at these locations 3 days in advance of the scheduled burn. We weighed
these sampling sticks again 1 hr before fire ignition and used results to estimate fuel moisture
content for 10-hr fuels.
Continuously throughout the duration of each burn, we recorded estimates of rate of
spread and flame length. We made the majority of these measurements from the outer edge of
burn units because of the common use of ring fires. We established sampling points by pacing 50
m along the outside border of burn units and then traveling into the stand perpendicular to its
border until the fire front was reached. At each sampling point, we recorded the type of fire
(backing, flanking, or head), the distance traveled by the fire front, the time required to travel
that distance, and the average flame length (m) over that time period. We collected fire
temperature data through the use of ceramic tiles painted with Tempilaq® temperature indicating
liquids and wrapped in tinfoil to avoid charring. Temperature categories on each tile were 79,
107, 135, 163, 191, 218, 246, 274, 343, 371, 399, and 427 degrees Celsius. We placed tiles in
advance of each burn throughout selected stands along a 70 X 70 meter grid at the root collar and
on the north side of the nearest Sapling to each grid point. In total, we placed and retrieved 80
pyrometer tiles post-fire (29 Dorm, 51 Grow). Post-fire during the 2011 growing-season, we
conducted measurements of scorch height (n=15/stand) using 11.3-m radius plots; we measured
all woody stems > 12.7 cm DBH within these plot for scorch height using a tape measure or
ocular estimation when scorch height exceeded 2.44 m.
2.6 Herbicide Treatment Cost Documentation
To place benefits gained by woody midstory herbicide treatments in context with their
costs, we recorded the man-hours required to treat herbicide units and the amount of chemical
used for both foliar spray and hack-and-squirt applications. This data was recorded per herbicide
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unit treated, yielding 40 observations of man-hours, foliar-application chemical amount, and
hack-and-squirt chemical amount.
3. Data Analysis
We developed separate ANCOVA models for each groundcover and woody vegetation
measure (independent variables). All models were completely randomized designs with split-plot
treatment arrangement, repeated measures over the 2 years of data collection (2011-2012), and
covariate inclusions. We dropped repeated measure degree of freedom adjustment from all
models based on small differences in model fit between repeated measure inclusion and omission
(< 5, -2 residual log likelihood per covariance parameter; Littell et al., 2006). We included
landscape (aspect, slope, and slope position) and overstory treatment (live basal area ha-1 and
percent canopy cover) variation measurements as covariates and only left them within models
where significant (α=0.05). In all models, we transformed aspect following Beers (1966),
yielding a continuous variable between 0.00 (southwest aspect) and 2.00 (northeast aspect). Pretreatment means (2011) were not included as covariates because we applied treatments
sequentially, over time. Our interpretations based on differences in how dependent variables
change over time limit the impact of pre-treatment dependent levels. We selected all covariates a
priori based on their potential to influence dependent variable responses. Our models included
fixed effects for whole-plot canopy disturbance/fire-season treatments and the interaction
between these treatments and year, but the results for these effects are not presented as they are
outside of the herbicide treatment focus of this research.
We used linear regression to determine the relationship between all dependent variables
and scorch height. Each burned 20-ha stand’s dependent variable mean for 2011 and 2012 (postfire data) were regressed against its mean observed scorch height (n=16 burned stand × year
combinations). We used stand means instead of herbicide unit level observations due to the high
spatial variability in fire intensity. When we found a significant relationship (α=0.05), treatment
means were adjusted by the regression-derived linear equation to a predicted dependent variable
value at the mean scorch height for all observations prior to running the ANCOVA/ANOVA
analysis. Our intention for this adjustment was to limit fire intensity effects and isolate fireseason impacts. We also regressed scorch height measurements (within an 11.3-m radius plot
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around each pyrometer tile) and pyrometer readings to gain a sense of the validity in using
scorch height as a surrogate for fire intensity. For all other burn condition and fire behavior data,
we only conducted descriptive analysis over each prescribed fire date.
We calculated percent cover of each groundcover category by dividing the intercepts for
a given cover class by 50 (the total number of potential intercepts), yielding a single percent
cover sample for each herbicide unit. Herbaceous species richness was calculated at the herbicide
unit level by totaling the number of herbaceous species encountered over the 5, 10-m surveys.
This information and total encounters for each individual species were used to calculate
herbaceous species diversity per herbicide unit using Shannon-Wiener’s Diversity Index (H,
Magurran, 1988). Woody vegetation sampling, conducted within the six 1-m2 and 3-m radius
sub-plots, was converted to stems ha-1. Data were then averaged to the herbicide unit level within
a year for use in a repeated measures ANCOVA design analysis. We calculated live basal area
(m2 ha-1) for use as a covariate using the midpoint radius of each overstory size class, the total
number of trees tallied within that size, and totaled basal area across all size classes present for
each herbicide unit. To enable general comparisons between oaks and their competitors, we
pooled all oak species in each of the Seedling and Sapling size classes (Oak). We applied the
same pooling method for oak competitors by classing maples (Acer spp.), tulip poplar
(Liriodendron tulipifera), and sweetgum (Liquidambar styraciflua) together (Competitor). All
other woody tree species were also pooled (Other). Because treatments were applied
sequentially, we designated year as a fixed effect within our models. We conducted all analysis
in SAS 9.3 using PROC MIXED (SAS Ins., Cary, N.C, USA). Dependent variables were tested
for normality using a Wilk’s test (W > 0.90) and we transformed, if necessary, using square root
or log functions.
We averaged the man-hours to treat herbicide units within each whole-plot treatment
(n=10) and used the resulting mean to calculate a labor cost based on $8 hr-1. Additionally, the
amount of Garlon® 3A used in foliar-applications was averaged within each whole-plot
treatment (n=10) and used to calculate a chemical cost for the foliar-applications using $23.42 L1

. We also averaged the amount of hack-and-squirt chemical used within each whole-plot

treatment (n=10) and calculated the additional costs using the same Garlon 3A® chemical price.
We then totaled the costs of labor and chemical used and converted to a cost ha-1 figure.
142

4. Results
4.1 Canopy Disturbance
We achieved the targeted overstory disturbance treatment levels (Table 1). Variation in
the canopy disturbance treatment was evident, with Grow consistently higher than Dorm in live
canopy metrics. Also, GrowH contained consistently higher levels of dead overstory basal area
and dead overstory stem density, most of which was shortleaf pine left from the pine beetle
outbreak. This trend was evident prior to overstory disturbance. We observed an immediate shift
toward oak dominance in overstory species composition as a result of canopy disturbances,
although red maple remained a substantial overstory component. The overstory within stands in
2010 following canopy disturbance treatments was dominated by southern red oak (2.1 m2 ha-1 ±
0.3 SE), white oak (1.9 m2 ha-1 ± 0.3 SE), scarlet oak (1.9 m2 ha-1 ± 0.3 SE), red maple (1.6 m2
ha-1 ± 0.2 SE), sourwood (1.5 m2 ha-1 ± 0.2 SE), post oak (1.0 m2 ha-1 ± 0.2 SE), black oak (1.0
m2 ha-1 ± 0.2 SE), and blackgum (0.6 m2 ha-1 ± 0.1 SE). We did not observe any other overstory
tree species with >0.4 m2 ha-1.
4.2 Prescribed Fire Burning Conditions and Behavior
The lack of suitable weather conditions resulted in the delay of our growing-season fire
application until October 11, 2010. Leaf abscission was <5% at the time of the burn. We
conducted the fire in favorable weather conditions (Table 2), and observed a low to medium
intensity burn (Table 3). The dormant-season fire (March 22, 2011) was impacted by an unforecasted drop in relative humidity and increased winds (Table 2) producing a medium to high
intensity fire (Table 3). As a result of these differences in burning conditions, we observed the
dormant-season head fires to be nearly two times the rate of spread and more than three times the
flame length as the growing-season fire. No pyrometer tiles were left unburned in the dormantseason fire, which averaged more than double the growing-season fire temperature (Table 3). We
found a relationship between fire temperature and scorch height as indicated by linear regression
(F1, 41=10.25, p=0.0026, slope=11.8 C m-1 ± 3.7 SE) with an R2=0.2001.
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4.3 Herbaceous Layer Response
Prior to herbicide treatments (2011), we documented 83 species of herbaceous plants.
After applying herbicides (2012), we documented 93 species of herbaceous plants. We found
herbaceous groundcover in 2012 to be dominated by native cool-season grasses. The highest
groundcover by any one species was consistently Piptochaetium avenaceum in all treatments
with a maximum cover of 25.4% (± 6.0 SE) in GrowL Spray. The next highest groundcover we
observed by any other species within any one treatment was Dichanthelium dichotomum with
15.0% (± 6.9 SE) cover in DormL No Spray; the genus Dichanthelium was well represented
among the top graminoid species by groundcover. Additional native cool-season grasses with
considerable groundcover included Chasmanthium laxum and Carex spp. Only two C4 grass
species (Andropogon virginicus and Schizachyrium scoparium) had ≥1% cover in any one
treatment. Additionally, we found the exotic and invasive grass, Microstegium vimineum, only in
low basal area treatments and observed it more frequently in Spray plots.
We observed less forb groundcover than graminoid, with the highest groundcover of any
forb species Conyza canadensis with 8.4% (± 3.4 SE) in GrowL Spray. Large ephemeral patches
of Conyza canadensis and Erechtites hieraciifolia occurred following prescribed fire, but
diminished by the second year post-fire. Legume groundcover never exceeded 1%. We observed
equal or greater number of legume species within Spray compared to No Spray across all wholeplot treatments. Ferns were nearly absent in high basal area retention treatments and more
common in the low basal area retention treatments where herbicide application did not occur.
Ferns were locally abundant along drains and low-lying areas, but were relatively low in overall
percent groundcover in comparison to other herbaceous vegetation classes (Table 4).
We detected treatment effects on groundcover, many of which involved year effects
and/or herbicide treatment by year interactions (Table 8). We observed canopy disturbance/fireseason treatment by herbicide treatment interaction for graminoid groundcover (F3, 36=3.41,
p=0.0275). This interaction involved the lack of change in graminoid cover between Spray and
No Spray for GrowH, DormH and DormL, whereas we found GrowL to increase in graminoid
cover in Spray versus No Spray (LSD p<0.05, Figure 3). We observed year effects without any
treatment by year interactions for the groundcover variables of species richness (F1, 70=25.90,
p<0.0001) and species diversity (F1, 70=25.40, p<0.0001). This appeared to be a function of
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higher richness and diversity across all treatments in 2012 versus 2011 (LSD p<0.05, Table 11).
We observed additional year effects for graminoid groundcover (F1, 72=64.36, p<0.0001) and
forb groundcover (F1, 71=16.63, p=0.0001). However, these dependent variables were also
observed to have whole-plot treatment by year interactions (F3, 72=3.86, p=0.0127; F3, 71=4.88,
p=0.0039; respectively) and are therefore, outside of the focus of this research but are discussed
in Chapter Two. We found no effects for legume or fern groundcover.
4.4 Woody Vegetation Response
In 2012, Seedling density was greatest for Acer rubrum and Vaccinium pallidum, and to a
lesser degree Sassafras albidum (Table 5). In low basal area retention treatments Rubus argutus
reached high stem densities. Quercus alba was the most common oak species. Liquidambar
styraciflua was the only other Competitor present within Seedling, but was much less common
than Acer rubrum. We found Nyssa sylvatica and Oxydendron arboreum to comprise a
substantial amount of Other within this size class.
The vast majority of midstory stems >1.37 m tall were A. rubrum (Table 6). O.
arboretum was the second most common midstory species. Medium and Large Sapling densities
were far less than Small. In comparison to other species groups, we found Oak to be less
common in the midstory size classes, with Q. velutina the most abundant oak species in Sapling.
Small Sapling Q. alba reached particularly high densities in the DormL No Spray treatment.
Competitors L. styraciflua and L. tulipifera were only observed within Small Sapling but at
densities well below A. rubrum. O. arboreum, N. sylvatica, and Cornus florida were the most
abundant Other within the midstory size classes. Vines and shrubs were much less common in
the midstory than they were in Seedling, and were never observed in the two larger midstory size
classes. Midstory size brambles reached high stem densities within the low basal area retention
treatments.
We did find herbicide treatment by year interaction for total woody vegetation
groundcover (F1, 71=43.08, p<0.0001), reflecting significant increases in No Spray and
significant decreases in Spray from 2011 to 2012 (LSD p<0.05, Figure 4A). We also found a
herbicide treatment by year interaction for groundcover of dead and down coarse woody debris
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>7.62 cm in diameter (F1, 72=7.91, p=0.0063) due to increases in debris cover within Spray and
no change in debris cover in No Spray from 2011 to 2012 (LSD p<0.05, Figure 4B).
We typically did not find effects on seedling size woody vegetation, but when we did they
involved year effects (Table 9). This included Oak Seedling density (F1, 72=9.41, p=0.0030) and
Competitor Seedling density (F1, 72=17.43, p<0.0001). We found both Oak and Competitor
Seedling densities were increasing from 2011 to 2012 at our site (LSD p<0.05, Table 11). We
did not find effects for Seedling size Other, vines and shrubs, or bramble stem densities.
We found effects on Sapling density (Table 10). Medium and Large Oak were so
uncommon that we were unable to achieve normality, and, therefore model their response. We
only found herbicide treatment effects without interactions for Large Other density (F1, 36=4.48,
p=0.0413) which were substantially less in Spray than No Spray (LSD p<0.05, Table 11). We
found year effects without interactions for Large Competitor density (F1, 71=7.83, p=0.0066) and
Large Other density (F1, 70=12.06, p=0.0009). Stem densities of these groups were less in Spray
than No Spray plots (LSD p<0.05, Table 11). We found additional year effects for Small Oak
(F1, 72=44.40, p<0.0001) and Small brambles (F1, 70=38.02, p<0.0001). However, we also
observed these dependent variables to have whole-plot by year interaction (F3, 72=12.78,
p<0.0001; F3, 70=9.57, p<0.0001 respectively), and are therefore outside of the focus of this
research but are discussed in Chapter Two. We observed herbicide treatment by year interactions
without additional interactions for Other in the Small (F1, 70=20.21, p<0.0001) and Medium (F1,
70=6.48,

p=0.0131) size classes. Other Small Sapling density increased at a greater rate from

2011 to 2012 in No Spray versus Spray (LSD p<0.05, Figure 4C). We observed Medium Other
Sapling stem densities to decreased to a lower density in 2012 in Spray but not in No Spray plots
(LSD p<0.05, Figure 4D). We found Small Competitors to exhibit a whole-plot by herbicide
treatment by year interaction (F3, 72=3.63, p=0.0169), involving greater rates of increase in these
stem densities in No Spray plots compared to Spray plots from 2011 to 2012. Additionally,
within the Spray plots, we observed Small Competitor stem densities to increase from 2011 to
2012 in Dorm burned treatments but decrease or remain stable within Grow burned treatments
(LSD p<0.05, Figure 5).
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4.5 Landscape and Treatment Covariates
Slope position adjustment often occurred within groundcover models (Table 12). Legume
and total woody vegetation groundcover was positively related to slope position with higher
cover on upland slopes and ridges. Richness and diversity were negatively related to slope
position, as wet low-lying drains and swales had particularly robust herbaceous layers. Fern
cover was slightly more common under higher canopy cover and diversity slightly lower under
higher canopy cover. Richness and forb cover declined as live basal area increased. Oak Seedling
density increased with scorch height. Other Seedling densities were greater at higher slope
positions, and both Seedling size vines and shrubs and bramble densities declined as canopy
cover increased. Sapling density was most commonly related to overstory canopy metrics as we
observed stem densities for Small Other, Medium Competitor, Medium Other, Large
Competitor, and Large Other to increase with increasing canopy cover or live basal area
measurements. Small brambles showed the reverse trend with canopy cover. We also observed
Small bramble densities to be higher on xeric southwest facing slopes, whereas Small Other stem
densities were higher on mesic northeast facing slopes.
4.6 Non-native Invasive Species
In total, we observed 4 different non-native and invasive species from 2011 to 2012
(Table 7). In general, we observed these species in low basal area retention treatments near skid
trails and log landings. Except for Microstegium vimineum (1.6% ± 1.6 SE) in the GrowL Spray
treatment in 2012, none of the herbaceous non-native invasive species ever exceeded 0.4%
cover. We observed Seedling size Ailanthus altissima in 2011, but not in 2012, at a stem density
of 333.3 stems ha-1 (± 222.2 SE) in DormL No Spray.
4.7 Woody Midstory Herbicide Treatment Costs
Mean cost of herbicide applications was $193.61 ha-1 (Table 13). Costs ranged from
$163.04 ha-1 (GrowH) to $207.90 ha-1 (GrowL). Labor was the greatest cost for every treatment
based on our calculations, ranging from 45.5% (GrowH) to 71.2% (DormL) of the total treatment
cost. For the overall mean cost calculation, labor was 62.3%, Garlon 3A® spray volume was
32.3% and Garlon 3A® hack-and-squirt volume was 5.4% of the total.
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5. Discussion
We documented progression toward restoration goals through the use of herbicide
midstory control in conjunction with canopy disturbance and fire. Spray reduced the cover and
density of woody plants more than fire alone, and reduced larger size classes of woody
vegetation unaffected by fire. We also found Spray following October fire to be more effective in
reducing midstory stem density than Spray following March fire. Small Competitor stem
densities (the most abundant class of woody vegetation, largely Acer rubrum) were stable or
decreasing in Spray/Grow but increasing in Spray/Dorm from 2011 to 2012. Herbicide woody
midstory reductions occurred without negative effects on herbaceous diversity and richness, or
forb and legume groundcover, and increased graminoid cover in GrowL. The recognition of the
overall loss of open-oak communities and related declines in herbaceous biodiversity and oak
regeneration has increased in recent years, but our understanding of how the restoration process
is best accomplished remains limited (Leach and Ross, 1995). Research in the Mid-South is
lacking (Barrioz et al., 2013; McCord and Harper, 2011), and other regional research has largely
been conducted within degraded savannas and woodlands that have not succeeded to mature,
closed-canopy forest. No research has evaluated herbicide applications as a technique to restore
oak savannas in the Mid-South, and little research has been published on their use in oak
woodland restoration (McCord and Harper, 2011).
5.1 Herbaceous Layer Response
The establishment of a rich and diverse herbaceous ground layer is critical to successful
restoration of oak woodlands and savannas, but nearly continuous subcanopies of woody
vegetation can lead to reductions, eliminations, or the failed establishment of herbaceous
vegetation (Barrioz et al., 2013; DeSelm and Clebsch, 1991; Lett and Knapp, 2003; Hutchinson,
2005a). Furthermore, midstory canopies limit herbaceous species richness and, potentially, the
occurrence of rare species (Barrioz et al., 2013; Bowles et al., 1994). In our study, woody
midstory reductions resulting from the combination of fire and herbicide applications led to only
limited increases in the herbaceous ground layer. However, for one of our treatment
combinations, GrowL Spray, increases in cool-season grasses were substantial. This increase
after Spray within October but not March burns could be a result of greater resprouting of woody
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vegetation following March fire, limiting graminoid response. Seasonal variations in the
application of fire can have a strong influence on herbaceous layer development (Gruchy et al.,
2006; Keyser et al., 2004; Knapp et al., 2009; Schwartz and Heim, 1996), but this research has
concluded that herbaceous gains are probably an indirect effect of variation in fire-season on the
abundance of woody midstory stems. Herbaceous fine fuel loads were substantially elevated by
graminoid increases in Spray/GrowL, a result with ramifications for fire behavior during
subsequent burns. Indeed, adequate fine fuel loads must be present to achieve fire intensities
capable of controlling woody encroachment (Nielsen et al., 2003). Where fine fuels were
lacking, early spring fire application alone was not effective in controlling woody saplings and
shrubs (Tester, 1989; Peterson and Reich, 2001). Increases in dead and down coarse wooded
debris within Spray also have future fire intensity and, in turn, herbaceous layer development
ramifications.
The lack of a stronger response in the ground layer to reduced midstories may be due to
the shade-tolerant herbaceous community present at our site. Cool-season grasses, a dominant
component of the herbaceous plant community at our site, are typically more shade-tolerant than
native warm-season species (Lin et al., 1999) that are more typically reported on in woodland
and savanna studies. The most commonly encountered herbaceous species, P. avenaceum, is
associated with shady habitats (Miller and Miller, 2005). This shade-tolerant herbaceous
community likely developed under the closed canopy that dominated the site until our
experiment began. For such a community, woody midstory vegetation may have less negative
impacts. However, future restoration progression, especially for savannas, would necessitate a
transition from shade-tolerant to more shade-intolerant species that would be more negatively
impacted by midstory subcanopies. Reducing woody midstory vegetation should help accelerate
this transition.
Most importantly, our herbicide applications did not negatively impact herbaceous
species richness and diversity, or forb, legume, and fern cover. This is important because
triclopyr will kill many desirable understory broad leaf herbaceous plants (Dow Agrosciences
LLC, 2005), an effect we limited by our application method. McCord and Harper (2011)
demonstrated that broadcast triclopyr treatments of the understory killed desirable broad leaf
plants and did not recommend such applications for oak woodland restoration efforts. Herbicide
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use to control woody encroachment can decrease herbaceous species richness (Neary et al.,
1991; Wilkins et al., 1993), and broad spectrum tank-mixes may also have negative implications
for native plant communities (Keyser and Ford, 2006). In contrast, intensive woody control
herbicide treatments have increased the richness and abundance of desirable understory
herbaceous plants throughout the South (Gruchy et al., 2006; Miller et al., 2003; Stritzke et al.,
1991). These seemingly contrasting results stress the importance of herbicide selection and
application method where protection of non-target species is important. Our results demonstrate
a viable option for oak-dominated communities where protection of the herbaceous layer is
desired.
We also observed herbaceous layer increases even during the second year post-fire,
indicating that herbaceous response to management can exceed one growing season. Future
monitoring will be required to assess the ability of herbaceous species to exploit the growing
space created by herbicide-induced reductions of the woody midstory. It is also important to
consider the longevity of treatment impacts. McCord and Harper (2011) noted that woody
seedlings were reestablished in treated areas by the end of the growing season following their
broadcast triclopyr treatments, and this rapid rebound in woody plant cover limited herbaceous
layer development. In contrast, Freeman and Jose (2009) reported that initial positive effects of
herbicide midstory control on the herbaceous layer were gone by the fourth year following
treatment, and that the initial shrub control allowed the herbaceous community to gain a foothold
in the understory and beneficial effects persisted even after the shrub layer rebounded.
5.2 Woody Vegetation Response
Fire alone can be ineffective in reducing woody midstories (Nielsen et al., 2003), and
managers often seek ways to accelerate the restoration timeframe to save money, time, and other
resources. Our results indicate that compared to fire alone, herbicide treatments reduced or at
least prevented the expansion of woody midstory vegetation across a variety of species and size
classes. The lack of effects on Seedling density is not surprising because treatments were
targeted toward larger size classes. Woody stems <2.54 cm in diameter are more susceptible to
repeated fire than larger size classes (Peterson and Reich, 2001, Hutchinson et al., 2005b), and
therefore, application of herbicides would be unnecessary where fire is already being applied to
150

achieve other restoration goals. On the other hand, Spray did reduce density of larger midstory
size classes that had been unaffected by fire. This represents a considerable gain over fire alone
in reducing midstory woody vegetation. Continued monitoring will be required to determine how
quickly woody stem density and cover rebounds following herbicide application (Freeman and
Jose, 2009; McCord and Harper, 2011).
We also found herbicide applications to be more effective following our October burn.
For what was by far the most abundant size class and species group, Small Competitor Sapling
(largely Acer rubrum), stem densities increased following Spray within Dorm treatments but
decreased or remained stable following Spray within Grow treatments. Although growing-season
fire is more effective for woody stem reduction than dormant-season fire (Brose and Van Lear,
1998; Gruchy et al., 2006; Waldrop and Lloyd, 1991), we detected only minimal differences in
woody stem reduction between our Dorm and Grow fire treatments in plots not treated with
herbicides. Fire-season differences in stem density reduction were only apparent through the
additive effects of both herbicide and fire-season treatments. This suggests a subtle but positive
effect of October fire. We are aware of only two studies involving October fire, and their results
are similar to our un-treated herbicide plots. In western Oklahoma burning in October, February,
or April reduced shrub cover, but spring burns reduced cover the most, and a rapid return to preburn levels was observed post-fire for all three fire treatments (Boyd and Bidwell, 2002). In
Arkansas, Sparks et al. (1999) compared late growing-season (September and October) and
dormant-season (March and April [pre-leaf expansion]) fires and found the fall fires to be less
effective in reducing larger midstory stems, and neither season of fire eliminated stems <1 m tall
because of prolific resprouting. We are not aware of any studies of repeated October fire where
any subtle advantages could potentially accumulate resulting in a significant negative impact on
woody stems.
The efficacy of burning for woody stem control has been posited to be related to seasonal
variation in root carbohydrate reserves. In temperate regions, woody plants drastically deplete
reserves during leaf out, replenish them throughout the growing season, and gradually use them
for respiration throughout the dormant season (Loescher et al., 1990; Johansson, 1993; Droege,
1996). Therefore, top-kill that occurs when root reserves are high (fall and dormant-season)
should result in greater levels of resprouting than during times when root reserves are reduced
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(spring and early growing-season), a finding confirmed by a number of studies (Buckley and
Evans, 2004; Drewa et al. 2002; Huddle and Pallardy, 1998; Johansson, 1993; Kays and
Canham, 1991). However, McCord and Harper (2011) reported limited impact on woody plant
density from repeated early growing-season fires. Late growing-season fires are more effective
in reducing woody stems than dormant-season fires (Brose et al., 1999; Gruchy et al., 2006), a
finding not easily explained given seasonal patterns in root carbohydrate reserves. In our study,
October burns were less intense, but had similar impacts as the more intense March fire. It is
possible that the slower moving October burn’s greater residence times, and longer exposure of
woody plant root collars to lethally high temperatures, may have offset the difference in
intensity. Regardless, more research is needed to clarify the relationships between the timing of
growing-season fire and woody plant mortality. A single burn, regardless of timing, will have
limited benefit in controlling unwanted hardwood regeneration and saplings, and cannot impact
resprouting (Boyer, 1990). Herbicide applications, however, will kill woody plants without
resprouting and conducting such management after relatively cheap fire application will limit the
costs of herbicide application, especially when growing-season fire and the benefits associated
with it are used.
Oak regeneration presents an important challenge with respect to the sustainability of
woodlands and especially savannas (Peterson and Reich, 2001), but is also a larger crisis facing
oak ecosystems as a whole (Aubrey, 2004; Johnson et al., 2009; Van Lear, 2004). Because of
these issues, we intentionally did not spray oak saplings. We did, however, treat oak competitor
saplings, effectively reducing their densities, but did not observe any subsequent positive
response in oak regeneration densities. Such a response would not be expected after only one
year post-spraying. We did observe Oak Seedling density to increase across all treatments over
the two years of our study, but a failure to link these increases to specific herbicide or canopy
disturbance/fire-season treatments suggests this response was more related to the general
application of fire and increased light following canopy disturbance. However, research has
demonstrated the effectiveness of herbicide treatments for releasing oak regeneration by
controlling competing vegetation (Johnson and Jacobs, 1981; Loftis, 1988; Loftis, 1990; Lorimer
et al., 1994). Lorimer et al. (1994) suggested that shade cast by the woody understory may be
just as important, and possibly more important, than the shade cast by the main canopy itself in
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hindering oak regeneration. In another study, herbicide treatments generally improved the
competitive status of oaks, but red maple remained common in the seedling and regeneration
classes (Lewis et al., 2006). Our herbicide treatments did not harm existing oak regeneration.
Since oaks are equally susceptible to most herbicides that control their competitors (Loftis and
McGee, 1993), the principle form of control comes from selective application targeting
competitors. Over the long term, burning in woodlands and savannas may require periodic
respites to allow recruitment of new oak cohorts (Apfelbaum and Haney, 1987; Peterson and
Reich, 2001). The use of herbicides could be a useful pre-cursor to these periodic respites where
fire alone has been ineffective at reducing competitor abundance (Welch et al., 2004; Watts et
al., 2006).
5.3 Landscape and Treatment Covariates
Slope position influenced legume cover, species richness and diversity, and woody cover;
low-lying drains and swales had higher richness and diversity. Prior research attributed the
higher herbaceous diversity of savannas and woodlands to greater topographical relief that is
often lacking in typically flat grassland communities (Abella et al., 2001; Leach and Givnish,
1999; Peterson and Reich, 2001). Drier upland slopes had greater legume and woody cover. This
relationship could be used to direct herbicide application efforts towards uplands with greater
woody cover. Aspect and slope did not influence groundcover, a finding that suggests restoration
of herbaceous groundcover is not constrained by these topographical variables and, therefore,
they are of limited concern in the selection of herbicide application sites. Herbaceous
groundcover metrics were additionally influenced by overstory cover (live basal area and canopy
cover). Forb cover, richness, and diversity were higher in areas with lower overstory cover
whereas fern cover was positively related to overstory cover. These relationships stress that
herbicide applications are of little use where overstory shading effects would reduce their
positive impacts.
We detected treatment covariates (live basal area and canopy cover) to indicate that
micro-site level variations in canopy disturbance within both H and L influenced Seedling and
Sapling woody stem densities. Leaving clumps of overstory trees and the use of irregular
thinning can result in substantially different plant community responses through alterations in
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light gradients (Scholes and Archer, 1997). These relationships could be used to direct herbicide
applications to micro-sites where woody control will be most beneficial. Spatial variation in fire
intensity, as determined by scorch height, influenced oak seedling density, a finding in
agreement with previous research indicating the importance of fire intensity on woody vegetation
(Loftis, 1990; Van Lear and Waldrop, 1989). Regions of particularly intense fires may not need
herbicide application to the same degree as those where fires were less intense. We also observed
a greater abundance of small bramble midstory stems on more southwesterly slopes where light
was more readily available, but Small Other Sapling density exhibited the reverse relationship
with northeasterly slopes harboring greater stem densities. Oak woodlands and savannas were
more common, or at least more easily maintained, on xeric southwesterly slope faces (DeSelm,
1994) making them suitable candidates for herbicide application and efficient achievement of
restoration goals.
5.4 Non-native Invasive Species
Over the two years of this study, we identified four non-native invasive species within
our herbicide units. Three of these species were herbaceous with cover never exceeding 2%. The
fourth species was woody, Ailanthus altissima, with a maximum Seedling density of 333.3 stems
ha-1 (± 222.2 SE). These species were found near skid trails and log landings, and appeared to be
encroaching from nearby roads. All species except for A. altissima have been previously reported
in Cumberland County, TN (University of Tennessee Herbarium). Disturbance has the potential
to increase abundance of non-native and invasive species that can pose a threat to successful
restoration (Mack et al., 2000). We did, in fact, observe a trend of increasing non-native invasive
presence as disturbance increased. Given the rarity and exceptional conservation value of openoak communities, taking some risk of limited encroachment of non-native species seems
warranted in achieving the greater goal of gaining substantial areas of otherwise functional
woodlands and savannas. Control of known populations of such species along roads and other
rights-of-way prior to initiation of restoration activities may be the best approach. When
restoration strategies incorporate herbicide application techniques, there exists an easy
opportunity for the removal of invasive populations. Garlon® 3A will effectively treat all of the
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invasive exotics we encountered except the grass Microstegium vimineum (Dow Agrosciences
LLC, 2005).
5.5 Woody Midstory Herbicide Treatment Costs
Our calculations for man-hours and chemical use suggest that herbicide treatments
similar to the ones we used could be conducted at a fairly reasonable cost of $193.61/ha. Foliar
spray treatments are the most cost effective and efficient option when disturbance regimes create
multi-stemmed regeneration that is difficult to control with other application methods and should
result in less mortality of desirable plants. If greater progress can be made towards successful
restoration, and the entire process can be accelerated, these costs could become even more
justifiable.
5.6 Management Implications and Conclusions
Our work adds to a growing understanding of the best and most efficient ways to achieve
restoration of imperiled oak woodland and savanna communities, especially within the MidSouth and with herbicides, an under-researched region and restoration technique. We conclude
that for midstory herbicide treatments to produce acceptable herbaceous layer gains, heavy
canopy disturbance (to 7 m2/ha residual basal area of mature trees) is required. Variation in this
canopy disturbance level recommendation is warranted based on site qualities that affect the
nature of basal area measures. Canopy disturbance instantly increases the amount of light
reaching the ground, restores plant resource gradients, and generates revenue to offset restoration
costs (Laubach, 2000). Woodland restoration necessitates leaving more of the overstory intact,
and is thus more reliant on strategies that reduce the abundance of woody understory plants such
as fire and herbicides.
Herbicide applications reduced woody midstories more than fire application alone. We
recommend herbicide application following late growing-season fire within the restoration of
oak woodlands and savannas if fire has not provided acceptable levels of woody control. Based
on other studies, it appears that growing-season burns should occur earlier (April or
August/September) to maximize their effectiveness in hardwood control. Following such fires
with herbicide applications may produce even greater woody plant control than we observed.
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Furthermore, fire behavior plays an important role in dictating fire effects and pairing herbicide
applications with longer residence time fire will provide the best results in reducing undesirable
woody stems. Both woody plant phenology and predictable fire behavior parameters should be
considered in the application of fire for the restoration of oak woodlands and savannas, and
adding herbicide management to the appropriate application of fire should substantially increase
the efficiency of restoration. Maximizing woody plant control usually involves a 1 to 3 year
return interval (Apfelbaum and Haney, 1987; Glitzenstein et al., 2003; Kirkman et al., 2001).
Herbicide applications could be used as an alternative when fire application is restricted or to
accelerate the restoration timeframe when incorporated into a fire management strategy.
Our results indicate management across topographically diverse sites will improve
herbaceous richness and diversity, and variation in applied canopy disturbance across a site has
positive and negative restoration consequences. Using such trends to direct herbicide application
will aid in the efficiency of such techniques. Non-native invasive species should be considered
prior to the implementation of restoration disturbance regimes. The identification of known
populations, pre-disturbance reduction treatments, minimization of heavy equipment movement
in and around restoration sites, and increasing interior area to perimeter ratios of restoration sites
are potential ways of addressing invasive concerns. The use of herbicides within the restoration
process provides an opportunity for the control of many non-native invasives. Our cost
calculations suggest a reasonable price of $193.61/ha. Future research will document restoration
progress over subsequent fires and determine if the magnitude of the benefits gained is worth the
added restoration costs.
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Table 1. Means (SE) for overstory characteristics by treatment during an oak woodland and savanna restoration experiment, 20112012, at Catoosa Wildlife Management Area, Cumberland County, TN.
Live Basal Area

Treatment

Canopy Coverage
(%)

(m ha )

(m ha )

(stems ha )

(stems ha-1 )

DormH

70.9 (5.6)

15.3 (1.6)

3.2 (0.7)

214.8 (21.7)

49.9 (7.4)

GrowH

79.4 (4.4)

16.2 (1.3)

1.3 (0.2)

240.6 (18.1)

34.3 (4.8)

DormL

14.2 (3.5)

2.6 (0.6)

3.6 (0.6)

45.5 (11.4)

80.4 (10.3)

GrowL

32.7 (4.2)

7.3 (0.8)

2.4 (0.5)

122.2 (10.6)

40.5 (7.1)

1

2

Dead Basal Area

-1

2

-1

Live Stem Density

Dead Stem Density

-1

1

Control, unmanaged stands; DormH, dormant-season fire and high residual basal area (14 m2 ha-1); GrowH, growing-season fire and high residual basal area (14 m2
-1

2

-1

2

-1

ha ); DormL, dormant-season fire and low residual basal area (7 m ha ); and GrowL, growing-season fire and low residual basal area (7 m ha ). For each canopy
disturbance/fire-season treatment n=2.
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Table 2. Mean (range) burning conditions for the late growing-season and dormantseason fire treatments during an oak woodland and savanna restoration experiment
at Catoosa Wildlife Management Area, Cumberland County, TN.
Treatment
Condition Metric

Growing-Season

Dormant-Season

Date conducted

October 11, 2010

March 22, 2011

Ambient temperature (C)

29.5
(27.0-31.5)

28.1
(24.4-31.6)

Relative humidity (%)

37.1
(33.5-45.2)

38.6
(30.2-47.4)

Wind speed (km/hr)

3.5
(2.3-5.3)

6.7
(3.7-18.8)

Wind direction ()

243
(225-270)

223
(205-245)

Cloud cover

None
(0-0)

None
(0-0)

Fine fuel moisture content (%)

14.3
(3.7-24.8)

10.2
(4.2-19.5)

10-hr fuel moisture content (%)

11.3
(10.8-12.0)

11.3
(10.9-12.0)
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Table 3. Mean (range) fire behavior metrics for late growing-season and dormant-season fire treatments during an oak woodland and savanna
restoration experiment at Catoosa Wildlife Management Area, Cumberland County, TN.
Fire Treatment
Growing-Season (October 11, 2010)
Fire Behavior Metrics Backing Fire Flanking Fire

Dormant-Season (March 22, 2011)

Head Fire

Mean

Backing Fire Flanking Fire

Head Fire

Mean

Rate of spread (m/min)

0.5
(0.3-0.8)

0.6
(0.2-1.1)

1.4
(0.7-3.0)

1.0
(0.2-3.0)

0.5
(0.4-0.6)

0.7
(0.5-1.0)

2.7
(0.9-5.1)

1.7
(0.4-5.1)

Flame length (m)

0.2
(0.1-0.5)

1.0
(0.4-2.5)

0.5
(0.2-0.8)

0.5
(0.1-2.5)

0.3
(0.2-0.4)

0.6
(0.4-0.8)

1.6
(0.5-2.8)

1.2
(0.2-2.8)

Temperature (C)

72.5
(0-218)

168.8
(107-191)

Scorch height (m)

0.9
(0-13.5)

1.8
(0-12.0)
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Table 4. Mean (SE) percent groundcover of dominant herbaceous species in 2012 by treatment during an oak woodland and savanna restoration experiment at Catoosa
Wildlife Management Area, Cumberland County, TN.
Treatment2
DormH
1

Species

Graminoid
Needlegrass (Piptochaetium avenaceum )
Variable panic grass (Dichanthelium commutatum )
Cypress panic grass (Dichanthelium dichotomum )
Slender woodoats (Chasmanthium laxum )
Sedge (Carex spp. )
Openflower rosette grass (Dichanthelium laxiflorum )
Needleleaf rosette grass (Dichanthelium aciculare )
Broomsedge (Andropogon virginicus )
Poverty grass (Danthonia spp. )
Many flowered deertongue (Dichanthelium polyanthes )
Little bluestem (Schizachyrium scoparium )
Nepalese browntop (Microstegium vimineum )**
Forb
American burnweed (Erechtites hieraciifolia )
Horseweed (Conyza canadensis )
Sweet-scented goldenrod (Solidago odora )
Rabbit tobacco (Gnaphalium obtusifolium )
Whorled coreopsis (Coreopsis major )
Whorled loosestrife (Lysimachia quadrifolia )
Dwarf cinquefoil (Potentilla canadensis )
Loomis' mountain mint (Pycnanthemum loomisii )
Parasol whitetop (Doellingeria umbellata )
Virginia water horehound (Lycopus virginicus )
Wrinkleleaf goldenrod (Solidago rugosa )
Legume
Smooth creeping bush clover (Lespedeza repens )
Small-flowered partrigde pea (Chamaecrista nictitans )
Downy creeping bush clover (Lespedeza procumbens )
Smooth tick trefoil (Desmodium laevigatum )
Dollar leaf (Desmodium rotundifolium )
Fern
Southern lady fern (Athyrium felix-femina )
Bracken fern (Pteridium aquilinum )
Cinnamon fern (Osmunda cinnamomea )
Christmas fern (Polystichum acrostichoides )
New york fern (Thelypteris noveboracensis )

GrowH

DormL
No Spray

Spray

GrowL

No Spray

Spray

No Spray

Spray

No Spray

Spray

5.2 (1.6)
3.0 (1.4)
1.4 (0.6)
3.4 (1.6)
2.0 (1.6)
2.0 (1.0)
1.0 (0.5)
1.0 (0.7)
0.8 (0.5)
0.4 (0.4)
-

5.2 (1.8)
6.2 (5.3)
2.0 (1.0)
4.8 (2.3)
0.4 (0.4)
3.0 (1.6)
1.8 (0.9)
0.4 (0.3)
0.4 (0.4)
0.8 (0.8)
-

6.0 (3.1)
2.2 (1.4)
0.2 (0.2)
0.6 (0.3)
0.6 (0.4)
0.4 (0.3)
0.4 (0.4)
0.6 (0.6)
0.2 (0.2)
0.6 (0.4)
-

6.4 (2.9)
1.6 (0.8)
1.0 (0.6)
1.2 (0.6)
0.2 (0.2)
1.2 (0.8)
0.2 (0.2)
0.6 (0.4)
0.4 (0.4)
-

16.4 (3.8) 15.8 (3.8)
13.4 (3.1) 6.0 (1.6)
15.0 (6.9) 8.2 (3.3)
2.2 (0.9) 2.0 (0.7)
1.2 (0.5) 2.8 (1.7)
4.0 (1.9) 2.6 (1.4)
2.0 (0.8) 3.2 (2.2)
3.2 (2.0) 1.0 (0.5)
2.8 (1.5) 3.6 (2.4)
0.6 (0.3) 0.8 (0.6)
0.2 (0.2) 0.2 (0.2)
0.2 (0.2)

13.8 (4.0) 25.4 (6.0)
6.8 (2.3) 9.6 (2.8)
9.2 (2.6) 5.2 (1.7)
4.2 (2.5) 10.4 (5.2)
8.4 (3.9) 3.2 (1.0)
1.2 (0.5) 4.8 (1.8)
3.4 (1.2) 3.2 (1.2)
2.6 (1.1) 6.4 (2.4)
3.6 (2.1) 1.0 (0.5)
1.0 (0.5) 0.2 (0.2)
1.0 (0.6) 0.4 (0.4)
0.2 (0.2) 1.6 (1.6)

1.0 (0.8)
0.6 (0.6)
1.0 (0.8)
1.2 (1.2)
0.6 (0.6)
0.2 (0.2)
-

6.8 (4.8)
0.2 (0.2)
0.4 (0.3)
0.4 (0.4)
-

0.2 (0.2)
0.6 (0.6)
-

1.6 (1.6)
0.4 (0.4)
1.6 (1.6)
0.2 (0.2)
0.4 (0.4)
-

4.2 (2.5)
5.6 (3.3)
0.2 (0.2)
0.6 (0.3)
1.8 (0.8)
0.4 (0.3)
0.8 (0.4)
1.0 (1.0)
1.4 (1.4)
1.0 (1.0)

5.4 (2.9)
1.4 (0.8)
1.6 (0.9)
1.2 (0.6)
0.8 (0.3)
1.4 (0.7)
1.0 (0.8)
-

0.2 (0.2)
3.8 (2.2)
1.4 (0.7)
1.2 (0.7)
0.8 (0.8)
0.2 (0.2)
1.2 (0.7)
0.2 (0.2)
1.4 (1.4)
0.4 (0.4)

8.2 (3.5)
8.4 (3.4)
3.4 (1.6)
1.4 (0.4)
1.0 (0.6)
1.2 (0.7)
0.2 (0.2)
-

-

0.2 (0.2)
-

0.2 (0.2)

0.2 (0.2)
-

0.4 (0.4)
0.2 (0.2)
0.6 (0.4)
-

1.2 (0.3)
0.2 (0.2)
0.2 (0.2)
-

0.8 (0.6)
0.2 (0.2)
-

0.8 (0.4)
1.2 (0.5)
0.2 (0.2)
-

-

0.6 (0.4)
-

-

1.0 (1.0)
-

1.0 (1.0)
0.2 (0.2)
-

0.4 (0.4)
-

4.0 (3.6)
2.6 (2.6)
0.4 (0.3)
0.8 (0.8)

0.2 (0.2)
0.2 (0.2)
0.6 (0.6)
-

1

The top 5 herbaceous species within each groundcover class and additional species with ≥1% cover in any one treatment are presented **Exotic and Invasive

2

2

-1

Canopy disturbance/fire-season whole-plot treatments as follows: Control, unmanaged stands; DormH, dormant-season fire and high residual basal area (14 m ha ); GrowH, growing-season fire and high residual
basal area (14 m2 ha-1); DormL, dormant-season fire and low residual basal area (7 m2 ha-1); and GrowL, growing-season fire and low residual basal area (7 m2 ha-1). Herbicide sub-plot treatments as follows: No
Spray, untreated controls; Spray, foliar application using Garlon 3A® according to described methods. For each spray/canopy disturbance/fire-season treatment n=10.
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Table 5. ANCOVA/ANOVA model results for groundcover measures during an oak woodland and savanna restoration
experiment, 2011-2012, at Catoosa Wildlife Management Area, Cumberland County, TN. Bold indicates significant effects at
α=0.05.
Models1

Pertinent
Fixed Effects2
Herbicide

Graminoid

Forb

Legume

Fern

Richness

Diversity

Woody

Debris

F
p

0.43
0.5151

1.44
0.2383

0.01
0.9345

0.62
0.4374

0.10
0.7484

0.36
0.5544

5.02
0.0314

0.02
0.8877

F
p

3.41
0.0275

2.28
0.0959

0.78
0.5126

1.24
0.3107

0.53
0.6663

0.05
0.9832

0.52
0.6709

2.34
0.0892

F
p

64.36
<0.0001

16.63
0.0001

0.00
1.0000

0.46
0.5020

25.90
<0.0001

25.40
<0.0001

0.13
0.7157

4.97
0.0290

F
p

0.08
0.7753

0.66
0.4180

1.01
0.3192

0.34
0.5638

0.05
0.8240

0.11
0.7419

43.08
<0.0001

7.91
0.0063

Trmnt × Herb × Year
F
p

1.21
0.3127

0.69
0.5625

0.62
0.6066

0.48
0.6974

0.12
0.9504

0.22
0.8819

1.52
0.2160

1.93
0.1329

-

5.60
0.0207

-

-

4.40
0.0396

-

-

-

-

-

-

4.79
0.0320

-

7.03
0.0099

-

-

-

-

5.10
0.0271

-

4.46
0.0383

6.79
0.0112

4.75
0.0326

-

Trmnt × Herb

Year

Herb × Year

Covariates3
Live basal area
F
p
Canopy cover
F
p
Slope position
F
p
1

Tests on percent groundcover of classes, species richness per sub-plot, and diversity per sub-plot calculated using Shannon-Wiener Diversity Index (H').

2

Pertinent fixed effects and interactions. Herbicide (Herb) effect is between Spray (foliar application of Garlon 3A ®) and No Spray treatments, Trmnt effect is
among canopy-disturbance/fire-season whole plot treatments, Year effect is between pre- (2011) and post- (2012) herbicide treatment. df for fixed effects are:
Herbicide (1, 36), Trmnt×Herb (3, 36), Year (1, 72), Herb×Year (1, 72), Trmnt×Herb×Year (3, 72). One df subtracted from the ddf of Year, Herb×Year, and
Trmnt×Herb×Year for each covariate in the model. Covariate ndf equal 1 and ddf are equal to Year, Herb×Year, and Trmnt×Herb×Year effects within the model.
For Herbicide n=40, Year n=80, and Treatment n=10.
3

Significant (α=0.05) covariates within any one model.
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Table 6. LSD mean separation for dependent variables with significant pertinent main effects (herbicide and year)
without significant interactions during an oak woodland and savanna restoration experiment, 2011-2012, at Catoosa
Wildlife Management Area, Cumberland County, TN.
Herbicide Effects1
Dependent Variable2

No Spray

Spray

68.1 (15.3) a

45.3 (15.3) b

-1

Large Sapling (stems ha )
Others

Year Effects1,3
Dependent Variable2
Groundcover
-1
Richness (n sub-plot )
-1
Diversity (H' sub-plot )
Seedling (stems ha-1 )
Oak
Competitor
-1
Large Sapling (stems ha )
Competitor
Other

2011

2012

8.9 (0.8) b
1.8 (0.2) b

11.0 (0.8) a
2.0 (0.2) a

3,333.3 (1,203.9) b
11,062.0 (2,542.5) b

5,291.7 (1,203.9) a
15,771.0 (2,542.5) a

3.3 (1.9) a
74.7 (15.2) a

0.5 (0.7) b
38.8 (15.2) b

1

Herbicide effect is between Spray (foliar application of Garlon 3A®) and No Spray treatments, and Year effect is between pre- (2011) and post(2012) herbicide treatment. Letters represent significant differences across rows by LSD with α=0.05. For Herbicide n=40, and Year n=80.
2
Seedlings >30.48 cm tall but <1.37 m tall. Large Saplings >1.37 m tall, 7.62-12.70 cm DBH. Diversity is Shannon-Wiener Diversity Index (H').
3
Additional significant year effects were observed for graminoid and forb cover, and Small Sapling Oaks and Brambles. However, these dependents
were also observed to have significant (α=0.05) Trmnt×Year interaction (p =0.0127, 0.0039, <0.0001,<0.0001 respectively). Interpreting these
interactions is outside of the focus of the herbicide treatments. Please consult Chapter Two.
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Table 7. Mean (SE) Seedling (>30.48 cm tall, <1.37 m tall) stem densities (stems ha ) of dominant species in 2012 by treatment during an oak woodland and savanna restoration experiment at Catoosa Wildlife Management
Area, Cumberland County, TN.
Treatment2
DormH
1

Species
No Spray
Oak
White oak (Quercus alba)
1,666.7 (1,054.1)
Southern red oak (Quercus falcata )
1,833.3 (1,500.0)
Black oak (Quercus velutina)
333.3 (333.3)
Scarlet oak (Quercus coccinea )
1,833.3 (1,833.3)
Northern red oak (Quercus rubra )
666.7 (666.7)
Post oak (Quercus stellata )
166.7 (166.7)
Competitor
Red maple (Acer rubrum )
15,666.7 (5,947.2)
Sweetgum (Liquidambar styraciflua )
666.7 (509.2)
Other
Sassafras (Sassafras albidum )
5,000.0 (1,610.2)
Blackgum (Nyssa sylvatica )
1,666.7 (608.6)
Sourwood (Oxydendron arboreum )
2,000.0 (955.8)
Flowering dogwood (Cornus florida )
500.0 (500.0)
Pignut hickory (Carya glabra )
166.7 (166.7)
Downy serviceberry (Amelanchier arborea )
166.7 (166.7)
Vines and shrub
Lowbush blueberry (Vaccinium pallidum ) 20,333.3 (5,767.08)
Cat greenbrier (Smilax glauca )
2,000.0 (647.9)
Deerberry (Vaccinium stamineum )
3,833.3 (1,055.6)
Roundleaf greenbrier (Smilax rotundifolia )
1,333.3 (987.6)
Winged sumac (Rhus copallinum )
Muscadine vine (Vitis rotundifolia )
500.0 (355.7)
Poison ivy (Toxicodendron radicans )
Bramble
Southern blackberry (Rubus argutus )
4,000.0 (2,898.2)
Northern dewberry (Rubus flagellaris )
10,166.7 (10,166.7)
Swamp dewberry (Rubus hispidus )
-

GrowH

DormL

GrowL

Spray

No Spray

Spray

No Spray

Spray

No Spray

Spray

333.3 (222.2)
1,500.0 (1,067.2)
1,500.0 (1,007.7)
666.7 (509.2)
666.7 (666.7)
-

1,000.0 (509.2)
166.7 (166.7)
333.3 (222.2)
1,000.0 (1,000.0)
500.0 (254.6)
1,166.7 (1,166.7)

1,666.7 (1,314.7)
666.7 (444.4)
1,166.7 (659.7)
166.7 (166.7)
333.3 (333.3)
-

4,666.7 (2,506.8)
1,000.0 (666.7)
2,333.3 (2,333.3)
1,500.0 (1,007.7)
166.7 (166.7)
166.7 (166.7)

2,000.0 (1,356.3)
2,500.0 (1,432.6)
1,500.0 (580.0)
1,333.3 (693.9)
166.7 (166.7)
333.3 (333.3)

166.7 (166.7)
1,166.7 (862.5)
1,833.3 (876.7)
500.0 (254.6)
166.7 (166.7)
-

500.0 (355.7)
666.7 (368.5)
166.7 (166.7)
-

12,333.3 (2,333.3)
333.3 (333.3)

20,166.7 (3,491.2) 20,666.7 (3,984.5)
-

13,166.7 (5,348.7) 16,500.0 (4,536.9)
500.0 (500.0)
-

14,000.0 (2,735.2) 12,000.0 (4,111.1)
166.7 (166.7)
-

5,666.7 (2,006.2)
1,000.0 (368.5)
666.7 (666.7)
1,000.0 (666.7)

15,000.0 (4,779.1) 15,500.0 (5,725.5)
2,166.7 (1,112.5)
666.7 (272.2)
1,000.0 (509.2)
166.7 (166.7)
500.0 (254.6)
66.7 (509.2)
166.7 (166.7)
166.7 (166.7)
-

13,000.0 (4,552.84)
3,333.3 (1,490.7)
1,500.0 (876.7)
833.3 (833.3)
-

6,666.7 (1,940.5)
3,333.3 (1,138.6)
1,333.3 (1,018.4)
166.7 (166.7)
2,000.0 (1,822.4)
-

18,166.7 (5,400.3)
1,500.0 (388.9)
2,000.0 (987.6)
833.3 (512.2)
1,333.3 (1018.4)
-

16,833.3 (3,253.2) 17,000.0 (3,863.4)
2,333.3 (793.5)
3,166.7 (1,095.7)
2,333.3 (1,387.8) 3,833.3 (1,740.1)
1,666.7 (1,314.7)
666.7 (368.5)
333.3 (333.3)
666.7 (666.7)
166.7 (166.7)
500.0 (500.0)
1,500.0 (1,177.2)
-

333.3 (222.2)
833.3 (833.3)
-

5,166.7 (2,954.9)
-

6,333.3 (5,972.2)
500.0 (254.6)
-

8,166.7 (3,027.1)
2,500.0 (1,297.0)
1,833.3 (1,067.2)
3,500.0 (2,256.0)
-

5,500.0 (1,925.3)
2,833.33 (747.4)
1,500.0 (803.2)
833.3 (833.3)
-

7,833.3 (3,998.8) 11,666.7 (4,310.5)
3,500.0 (1,177.2) 5,833.3 (1,495.9)
2,166.7 (897.5)
166.67 (166.67)
1,000.0 (566.6)
3,333.3 (2,545.9)
2,333.3 (1,247.2)
1,666.7 (929.6)
1,333.3 (777.8)
1,166.7 (862.5)

8,666.7 (3,020.5) 9,666.7 (3,150.5)
5,333.3 (1,805.3)
3,333.3 (860.7)
666.7 (368.5)
1,500.0 (1,067.2)
2,166.7 (931.3)
1,833.3 (1,203.1)
666.7 (509.2)
166.7 (166.7)
333.3 (222.2)
333.3 (333.3)
166.7 (166.7)

21,000.0 (6,117.2) 35,000.0 (9,831.9)
666.7 (368.5)
1,833.3 (1,371.0)
166.7 (166.7)
333.33 (333.33)

8,000.0 (2,797.7) 16,833.3 (5,541.4)
2,333.3 (1,000.0)
2,333.3 (753.6)
-

1

The top 5 woody and semi-woody species within each class and additional species with ≥1000 stems/ha in any one treatment are presented

2

2

-1

2

-1

Canopy disturbance/fire-season whole-plot treatments as follows: Control, unmanaged stands; DormH, dormant-season fire and high residual basal area (14 m ha ); GrowH, growing-season fire and high residual basal area (14 m ha ); DormL, dormant-season fire and low residual
basal area (7 m2 ha-1); and GrowL, growing-season fire and low residual basal area (7 m2 ha-1). Herbicide sub-plot treatments as follows: No Spray, untreated controls; Spray, foliar application using Garlon 3A® according to described methods. For each spray/canopy disturbance/fireseason treatment n=10.
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Table 8. Mean (SE) Sapling (>1.37 m tall) stem densities (stems ha ) of dominant species in 2012 by diameter size class and treatment during an oak woodland and savanna restoration experiment at
Catoosa Wildlife Management Area, Cumberland County, TN.
Treatment2
DormH
1

Species
No Spray
Spray
Small (<2.54 cm DBH)
Oak
Black oak (Quercus velutina)
82.5 (52.1)
35.4 (35.4)
White oak (Quercus alba)
5.9 (5.9)
Scarlet oak (Quercus coccinea )
23.6 (23.6)
5.9 (5.9)
Southern red oak (Quercus falcata )
11.8 (11.8)
Northern red oak (Quercus rubra )
5.9 (5.9)
Competitor
Red maple (Acer rubrum )
1,733.0 (500.0) 1,155.3 (357.7)
Sweetgum (Liquidambar styraciflua )
47.2 (19.3)
5.9 (5.9)
Yellow poplar (Liriodendron tulipifera )
Other
Sourwood (Oxydendron arboreum )
424.4 (124.5)
88.4 (29.5)
Sassafras (Sassafras albidum )
170.9 (79.3)
206.3 (132.2)
Blackgum (Nyssa sylvatica )
41.3 (30.5)
11.8 (7.9)
Flowering dogwood (Cornus florida )
41.3 (41.3)
5.9 (5.9)
Black cherry (Prunus serotina )
Eastern white pine (Pinus strobus )
Virginia pine (Pinus virginiana )
Mockernut hickory (Carya tomentosa )
11.8 (7.9)
5.9 (5.9)
Shortleaf pine (Pinus echinata )
Common persimmon (Diospyros virginiana )
Bigleaf magnolia (Magnolia macrophylla )
American beech (Fagus grandifolia )
5.9 (5.9)
11.8 (11.8)
Vines and shrub
Cat greenbrier (Smilax glauca )
11.8 (11.8)
Allegheny chinkapin (Castanea pumila )
Winged sumac (Rhus copallinum )
Roundleaf greenbrier (Smilax rotundifolia )
5.9 (5.9)
5.9 (5.9)
Muscadine vine (Vitis rotundifolia )
11.8 (11.8)
5.9 (5.9)
Deerberry (Vaccinium stamineum )
5.9 (5.9)
Arrowwood (Viburnum dentatum )
Mountain camelia (Stewartia ovata )
Bramble
Southern blackberry (Rubus argutus )
542.3 (437.3)
29.5 (29.5)

GrowH

DormL

GrowL

No Spray

Spray

No Spray

Spray

No Spray

Spray

17.7 (17.7)
5.9 (5.9)

11.8 (11.8)
-

94.3 (55.7)
235.8 (80.1)
47.2 (21.2)
41.3 (17.7)
5.9 (5.9)

141.5 (58.4)
41.3 (29.2)
58.9 (47.3)
23.6 (15.7)
5.9 (5.9)

23.6 (18.0)
23.6 (23.6)
-

11.8 (7.9)
11.8 (11.8)
35.4 (35.4)
23.6 (15.7)
-

3,094.6 (469.5)
-

748.6 (220.2)
-

2,841.1 (642.3)
5.9 (5.9)

742.7 (173.1)
5.9 (5.9)
-

795.8 (165.2)
294.7 (150.4)
17.7 (12.6)
11.8 (11.8)
17.7 (17.7)
5.9 (5.9)
35.4 (25.2)
5.9 (5.9)

88.4 (36.5)
188.6 (77.5)
17.7 (17.7)
5.9 (5.9)
-

960.8 (404.0)
483.4 (136.6)
41.3 (19.8)
135.6 (92.6)
123.8 (61.8)
-

259.4 (87.5)
306.5 (122.0)
153.3 (78.7)
70.7 (39.1)
11.8 (11.8)
-

571.8 (158.2)
141.5 (81.6)
70.7 (30.2)
53.1 (28.4)
53.1 (41.6)
17.7 (17.7)
17.7 (17.7)
23.6 (23.6)
-

64.8 (38.8)
182.7 (112.0)
5.9 (5.9)
29.5 (29.5)
5.9 (5.9)
47.2 (41.0)
35.4 (23.6)
-

41.3 (24.9)
11.8 (11.8)
-

76.6 (34.1)
5.9 (5.9)
5.9 (5.9)
-

58.9 (30.4)
35.4 (23.6)
47.2 (30.2)
11.8 (11.8)
11.8 (11.8)
-

23.6 (13.0)
53.1 (35.6)
11.8 (7.9)
23.6 (23.6)
11.8 (7.9)
-

5.9 (5.9)
41.3 (41.3)
5.9 (5.9)
5.9 (5.9)
5.9 (5.9)
5.9 (5.9)

5.9 (5.9)
5.9 (5.9)
5.9 (5.9)
-

17.7 (12.6)

-

890.1 (312.5)

1,957.0 (971.3)

536.4 (322.7)

530.5 (214.0)

2,929.6 (864.0) 1,002.1 (177.3)
5.9 (5.9)
5.9 (5.9)

-

1

The top 5 woody and semi-woody species within each class and additonal species in the top 5 in any one treatment are presented

2

Canopy disturbance/fire-season whole-plot treatments as follows: Control, unmanaged stands; DormH, dormant-season fire and high residual basal area (14 m 2 ha-1); GrowH, growing-season fire and high residual basal area (14 m2 ha-1); DormL, dormantseason fire and low residual basal area (7 m2 ha-1); and GrowL, growing-season fire and low residual basal area (7 m2 ha-1). Herbicide sub-plot treatments as follows: No Spray, untreated controls; Spray, foliar application using Garlon 3A® according to
described methods. For each spray/canopy disturbance/fire-season treatment n=10.
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Table 8. Continued.
2

Treatment
DormH
1

Species
Medium (2.54-7.62 cm DBH)
Oak
Black oak (Quercus velutina)
Southern red oak (Quercus falcata )
White oak (Quercus alba)
Competitor
Red maple (Acer rubrum )
Other
Blackgum (Nyssa sylvatica )
Flowering dogwood (Cornus florida )
Sourwood (Oxydendron arboreum )
Eastern white pine (Pinus strobus )
Pignut hickory (Carya glabra )
Mockernut hickory (Carya tomentosa )
Sassafras (Sassafras albidum )
Virginia pine (Pinus virginiana )
American holly (Ilex opaca )
Shortleaf pine (Pinus echinata )
Large (7.62-12.70 cm DBH)
Oak
Black oak (Quercus velutina)
Southern red oak (Quercus falcata )
White oak (Quercus alba)
Post oak (Quercus stellata )
Competitor
Red maple (Acer rubrum )
Sweetgum (Liquidambar styraciflua )
Other
Blackgum (Nyssa sylvatica )
Flowering dogwood (Cornus florida )
Sourwood (Oxydendron arboreum )
Eastern white pine (Pinus strobus )
Pignut hickory (Carya glabra )
Cucumber tree (Magnolia acuminata )
Mockernut hickory (Carya tomentosa )
Virginia pine (Pinus virginiana )

GrowH

DormL

GrowL

No Spray

Spray

No Spray

Spray

No Spray

Spray

No Spray

Spray

5.9 (5.9)
5.9 (5.9)
-

5.9 (5.9)
5.9 (5.9)

-

-

-

-

-

-

58.9 (40.3)

-

58.9 (31.7)

23.6 (23.6)

5.9 (5.9)

-

11.8 (11.8)

5.9 (5.9)

23.6 (15.7)
135.6 (68.1)
29.5 (20.1)
17.7 (17.7)
5.9 (5.9)
-

17.7 (12.6)
11.8 (11.8)
5.9 (5.9)

123.8 (47.7)
64.8 (53.1)
11.8 (7.9)
5.9 (5.9)
5.9 (5.9)
-

41.3 (27.9)
5.9 (5.9)
5.9 (5.9)
-

5.9 (5.9)
5.9 (5.9)
-

-

29.5 (15.8)
5.9 (5.9)
41.3 (35.2)
70.7 (70.7)
-

5.9 (5.9)

5.9 (5.9)
-

5.9 (5.9)
11.8 (11.8)
-

11.8 (11.8)
5.9 (5.9)
5.9 (5.9)

5.9 (5.9)
17.7 (12.6)
5.9 (5.9)
-

5.9 (5.9)
-

5.9 (5.9)
-

-

-

-

-

11.8 (11.8)
5.9 (5.9)

11.8 (11.8)
-

17.7 (12.6)
-

-

-

-

-

-

35.4 (20.0)
17.7 (12.6)
-

5.9 (5.9)
11.8 (11.8)
-

11.8 (11.8)
29.5 (15.8)
17.7 (12.6)
5.9 (5.9)
5.9 (5.9)

29.5 (18.1)
5.9 (5.9)
11.8 (11.8)
5.9 (5.9)
-

-

-

-

-

29.5 (18.1)
17.7 (17.7)
-

-

-

11.8 (7.9)
-

-

1

The top 5 woody and semi-woody species within each class and additonal species in the top 5 in any one treatment are presented

2

2

-1

2

-1

Canopy disturbance/fire-season whole-plot treatments as follows: Control, unmanaged stands; DormH, dormant-season fire and high residual basal area (14 m ha ); GrowH, growing-season fire and high residual basal area (14 m ha ); DormL, dormantseason fire and low residual basal area (7 m2 ha-1); and GrowL, growing-season fire and low residual basal area (7 m2 ha-1). Herbicide sub-plot treatments as follows: No Spray, untreated controls; Spray, foliar application using Garlon 3A® according to
described methods. For each spray/canopy disturbance/fire-season treatment n=10.
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Table 9. ANCOVA/ANOVA model results for Seedling (>30.48 cm tall, <1.37 m tall) stem
densities (stems ha-1 ) by species group during an oak woodland and savanna restoration
experiment, 2011-2012, at Catoosa Wildlife Management Area, Cumberland County, TN.
Bold indicates significant effects at α=0.05.
1

Models
Pertinent
Oak

Competitor

Other

Vines and
Shrub

F
p

0.48
0.4940

0.19
0.6638

1.52
0.2259

1.89
0.1779

2.52
0.1212

F
p

0.14
0.9352

0.36
0.7821

0.50
0.6825

1.44
0.2481

2.55
0.0707

F
p

9.41
0.0030

17.43
<0.0001

0.06
0.7996

0.36
0.5516

1.31
0.2554

F
p

2.66
0.1071

0.01
0.9121

1.04
0.3110

0.39
0.5366

0.93
0.3394

Trmnt × Herb × Year
F
p

0.57
0.6370

1.36
0.2614

0.22
0.8789

1.42
0.2435

0.08
0.9692

-

-

-

14.46
0.0003

18.27
<0.0001

9.70
0.0076

-

-

-

-

-

-

7.02
0.0099

-

-

2

Fixed Effects
Herbicide

Bramble

Trmnt × Herb

Year

Herb × Year

Covariates3
Canopy cover
F
p
Scorch height
F
p
Slope position
F
p
1

Species groups include Oak (genus Quercus), Competitor (Acer rubrum, Liriodendron tulipifera, and Liquidambar
styraciflua), Other (all other tree species), Vines and shrub (determined by growth habit, largely Vaccinium and Smilax
2

Pertinent fixed effects and interactions. Herbicide (Herb) effect is between Spray (foliar application of Garlon 3A®)
and No Spray treatments, Trmnt effect is among canopy-disturbance/fire-season whole plot treatments, Year effect is
between pre- (2011) and post- (2012) herbicide treatment. df for fixed effects are: Herbicide (1, 36), Trmnt×Herb (3,
36), Year (1, 72), Herb×Year (1, 72), Trmnt×Herb×Year (3, 72). One df subtracted from the ddf of Year, Herb×Year,
and Trmnt×Herb×Year for each covariate in the model. Covariate ndf equal 1 and ddf are equal to Year, Herb×Year, and
Trmnt×Herb×Year effects within the model. For Herbicide n=40, Year n=80, and Treatment n=10.
3

Significant (α=0.05) covariates within any one model. Linear regression determined the relationship between
dependents and scorch height for replicate average data post fire (n=16). If significant, data were adjusted to a predicted
value at the overall mean scorch height. F and p presented for scorch height are from this linear regression model with
df =(1, 14).
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Table 10. ANCOVA/ANOVA model results for Sapling (>1.37 m tall) stem densities (stems ha -1 ) by diameter size class and species group during an oak
woodland and savanna restoration experiment, 2011-2012, at Catoosa Wildlife Management Area, Cumberland County, TN. Bold indicates significant
effects at α=0.05.
Models1
Small
(<2.54 cm DBH)
Pertinent

Medium
(2.54-7.62 cm DBH)

Large
(7.62-12.70 cm DBH)

Oak

Competitor

Other

Vines and
Shrub

Bramble

Competitor

Other

Competitor

Other

F
p

1.60
0.2146

15.17
0.0004

3.17
0.0833

0.75
0.3929

0.64
0.4291

3.49
0.0699

5.53
0.0243

0.67
0.4196

4.48
0.0413

F
p

0.93
0.4362

0.47
0.7023

0.92
0.4393

0.64
0.5943

1.57
0.2131

1.25
0.3071

1.24
0.3100

1.40
0.2580

0.57
0.6412

F
p

44.40
<0.0001

80.18
<0.0001

68.47
<0.0001

0.27
0.6078

38.02
<0.0001

3.39
0.0698

0.09
0.7620

7.83
0.0066

12.06
0.0009

F
p

0.51
0.4780

58.85
<0.0001

20.21
<0.0001

0.92
0.3406

0.03
0.8617

0.47
0.4959

6.48
0.0131

0.02
0.9003

0.26
0.6129

Trmnt × Herb × Year
F
p

0.07
0.9738

3.63
0.0169

0.50
0.6844

1.02
0.3901

1.57
0.2056

1
0.3991

1.51
0.2197

0.73
0.5364

0.36
0.7829

-

-

7.87
0.0065

-

5.07
0.0276

-

-

-

-

-

-

7.48
0.0079

-

11.46
0.0012

9.95
0.0024

15.52
0.0002

11.82
0.0010

5.64
0.0203

-

-

-

-

-

-

5.64
0.0203

-

7.79
0.0068

2

Fixed Effects
Herbicide

Trmnt × Herb

Year

Herb × Year

Covariates3
Aspect
F
p
Canopy cover
F
p
Live basal area
F
p
1

Species groups include Oak (genus Quercus), Competitor (Acer rubrum, Liriodendron tulipifera, and Liquidambar styraciflua), Other (all other tree species), Vines and shrub (determined by
growth habit, largely Vaccinium and Smilax spp.), and Bramble (genus Rubus). Oaks were present in two larger size classes but at very low densities and were not modeled. Vines and shrubs and
Brambles were not present in the larger two size classes.
2

Pertinent fixed effects and interactions. Herbicide (Herb) effect is between Spray (foliar application of Garlon 3A®) and No Spray treatments, Trmnt effect is among canopy-disturbance/fireseason whole plot treatments, Year effect is between pre- (2011) and post- (2012) herbicide treatment. df for fixed effects are: Herbicide (1, 36), Trmnt×Herb (3, 36), Year (1, 72), Herb×Year (1,
72), Trmnt×Herb×Year (3, 72). One df subtracted from the ddf of Year, Herb×Year, and Trmnt×Herb×Year for each covariate in the model. Covariate ndf equal 1 and ddf are equal to Year,
Herb×Year, and Trmnt×Herb×Year effects within the model. For Herbicide n=40, Year n=80, and Treatment n=10.
3

Significant (α=0.05) covariates within any model.
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Table 11. Covariate slope estimates for all significant (α=0.05) covariates within ANCOVA models
used in the analysis of vegetation response during an oak woodland and savanna restoration
experiment, 2011-2012, at Catoosa Wildlife Management Area, Cumberland County, TN.
Models
Groundcover
Forb
Legume
Fern
Richness
Diversity
Woody

Covariate1

Estimate (SE)

Live basal area
Slope position
Canopy cover

-0.4 (0.2)
0.4 (0.2)
0.02 (0.01)

Live basal area
Slope position
Canopy cover
Slope position
Slope position

-0.1 (0.1)
-1.0 (0.5)
-0.02 (0.01)
-0.8 (0.3)
3.5 (1.6)

Scorch height2
Slope position
Canopy cover
Canopy cover

2,901.7 (931.4)
2,737.6 (1,033.5)
-270.1 (71.0)
-165.8 (51.6)

Aspect
Canopy cover
Aspect
Canopy cover

-9.1 (3.5)
428.6 (151.6)
220.7 (128.2)
-6.1 (2.9)

Canopy cover
Live basal area
Canopy Coverage

0.6 (0.2)
3.2 (3.0)
2.4 (0.7)

Canopy cover
Live basal area
Canopy cover

0.4 (0.1)
3.2 (1.2)
0.7 (0.3)

-1

Seedling Density (stems ha )
Oak
Other
Vines and shrub
Bramble
Sapling Density (stems ha-1 )
Small
Other
Bramble
Medium
Competitor
Other
Large
Competitor
Other
1

Groundcover slope estimates in units of percent cover, species per sub-plot (richness), or Shannon-Wiener Diversity Index
per sub-plot (diversity). Seedlings were >30.48 cm tall, <1.37 m tall. Saplings were >1.37 m tall; Small <2.54 cm DBH,
M edium 2.54-7.62 cm DBH, Large 7.62-12.70 cm DBH.
2
Linear regression determined the relationship between dependents and scorch height for stand average data post fire (n=16). If
significant, data were adjusted to a predicted value at the overall mean scorch height. Estimate from this linear regression model.
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Table 12. Mean (SE) percent groundcover and stem densities (stems ha-1 ) of all exotic and non-native species encountered in 2011 and 2012 by treatment during
an oak woodland and savanna restoration experiment at Catoosa Wildlife Management Area, Cumberland County, TN.
Treatment
DormH
1

Species

GrowH

DormL

GrowL

No Spray

Spray

No Spray

Spray

No Spray

Spray

No Spray

Spray

Nepalese browntop (Microstegium vimineum )

-

-

-

-

-

0.2
(0.2)

0.2
(0.2)

1.6
(1.6)

Bull thistle (Cirsium vulgare )

-

-

-

-

0.2
(0.2)

-

-

-

Nepalese browntop (Microstegium vimineum )

-

-

-

-

-

1.0
(0.6)

0.2
(0.2)

Sericea lespedeza (Lespedeza cuneata )

-

0.2
(0.2)

-

-

-

-

-

1.0
(1.0)
0.4
(0.4)

-

-

-

-

333.3
(222.2)

-

-

2012 Groundcover (%)

2011 Groundcover (%)

2011 Seedling (>30.48 cm tall, <1.37 m tall) (stems ha-1 )
Tree of heaven (Ailanthus altissima )

-

1

All exotic and non-native species encountered.

2

Canopy disturbance/fire-season whole-plot treatments as follows: Control, unmanaged stands; DormH, dormant-season fire and high residual basal area (14 m 2 ha-1); GrowH, growing-season fire and high
residual basal area (14 m2 ha-1); DormL, dormant-season fire and low residual basal area (7 m2 ha-1); and GrowL, growing-season fire and low residual basal area (7 m2 ha-1). Herbicide sub-plot treatments as
follows: No Spray, untreated controls; Spray, foliar application using Garlon 3A® according to described methods. For each spray/canopy disturbance/fire-season treatment n=10.
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Table 13. Observed woody midstory herbicide application costs by canopy-disturbance/fire-season treatment during an oak
woodland and savanna restoration experiment, 2011-2012, at Catoosa Wildlife Management Area, Cumberland County, TN.
Canopy
Disturbance/
Fire-Season
1

Spray
2

3

Labor

Labor Cost

-1

-1

Hack-and-Squirt Hack-and-Squirt
2

Volume
-1

4

Spray Cost
-1

2

Volume
-1

4

Total Cost

-1

Cost

-1

Treatment

(hrs ha )

($ ha )

(L ha )

($ ha )

(L ha )

($ ha )

($ ha )

DormH
GrowH
DormL
GrowL

16.57 (1.80)
9.28 (0.81)
18.47 (1.50)
16.00 (2.85)

$132.58
$74.24
$147.73
$128.03

2.35 (0.33)
3.10 (0.47)
2.23 (0.36)
2.99 (0.31)

$55.13
$72.74
$52.31
$70.12

0.36 (0.19)
0.68 (0.13)
0.32 (0.15)
0.42 (0.12)

$8.37
$16.06
$7.39
$9.75

$196.08
$163.04
$207.43
$207.90

Total Mean

15.08 (1.06)

$120.64

2.67 (0.19)

$62.57

0.44 (0.15)

$10.39

$193.61

1

DormH, dormant-season fire and high residual basal area (14 m2 ha-1); GrowH, growing-season fire and high residual basal area (14 m2 ha-1); DormL, dormantseason fire and low residual basal area (7 m2 ha-1); and GrowL, growing-season fire and low residual basal area (7 m2 ha-1). Per treatment n=10.
2

M ean (SE) from data recorded during herbicide application at each treated sub-plot (n=40, 10/whole-plot treatment).
Labor costs calculated based on an $8 hr-1 pay rate

3
4

-1

Chemical costs based on $23.42 L of Garlon 3A®
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Appendix B: Figures
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Figure 1. Experimental design layout for an oak woodland and savanna restoration experiment using canopy disturbance, seasonal prescribed fire, and midstory herbicide
treatments at Catoosa Wildlife Management Area, Cumberland County, TN. Two replicates of four canopy disturbance/fire season whole-plot treatments were allocated in 8
20-ha experimental units. Sub-plot Spray/No Spray herbicide treatments were allocated in 5 paired 0.04 ha experimental units per whole-plot stand.

1

1

2

-1

2

-1

Whole-plot treatments: Control, unmanaged stands; DormH, dormant-season fire and high residual basal area (14 m ha ); GrowH, growing-season fire and high residual basal area (14 m ha ); DormL, dormant-season
fire and low residual basal area (7 m2 ha-1); and GrowL, growing-season fire and low residual basal area (7 m2 ha-1).
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Figure 2. Paired herbicide treatment sub-plots and data collection schematic for measuring vegetation response to an oak woodland and
savanna restoration experiment at Catoosa Wildlife Management Area, Cumberland County, TN. A.) Randomly located plot construction
start point; B.) Spray treatment sub-plot; C.) No Spray treatment sub-plot; D.) Sub-plot center; E.) Point intercept transect (n=5/subplot at the 5, 8, 11, 14, and 17 m marks along each sub-plot edge) with 10, 1-m intervals >2 m from sub-plot edge; F.) Seedling (>30.48
2

cm tall, <1.37 m tall) stem density 1-m plot (n=6/sub-plot); G.) Sapling (>1.37 m tall, <12.7 cm DBH) stem density 3-m radius plot
(n=6/sub-plot); H.) Overstory tree (>12.7 cm DBH) 11.3-m radius plot.
22.0 m

D

E
16.0 m

C

F

North
5 m buffer between herbicide treatments

B

A

2 m measurement buffer

G

H
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Figure 3. Interaction between canopy-disturbance/fire-season treatments and herbicide treatments
for graminoid groundcover during an oak woodland and savanna restoration experiment, 20112012, at Catoosa Wildlife Management Area, Cumberland County, TN.

a

ab

bc
abcd

cd

cd
d

d

1

2

Lowercase letters indicate significantly different groups across all treatment combinations by LSD (p<0.05).
1

Spray (foliar application of Garlon 3A®) and No Spray (no herbicide application) treatments.
DormH, dormant-season fire and high residual basal area (14 m2 ha-1); GrowH, growing-season fire and high residual basal
area (14 m2 ha-1); DormL, dormant-season fire and low residual basal area (7 m2 ha-1); and GrowL, growing-season fire and
low residual basal area (7 m2 ha-1). For Herbicide n=40, and Treatment n=10.
2
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Figure 4. Interactions between herbicide treatment and year during an oak woodland and savanna
restoration experiment, 2011-2012, at Catoosa Wildlife Management Area, Cumberland County, TN.
A.) Total woody and semi-woody vegetation groundcover; B.) Dead and downed woody debris >7.62
cm in diameter groundcover; C.) Small (>1.37 m tall, <2.54 cm DBH) Other Sapling density (stems ha 1

); D.) Medium (>1.37 m tall, 2.54-7.62 cm DBH) Other Sapling density (stems ha-1 ).

a

a

b
bc

ab

c

ab

b

a

a
b
a
ab

c
c

b

1

1

Spray (foliar application of Garlon 3A®) and No Spray (no herbicide application) treatments.

Lowercase letters indicate significantly different groups across all herbicide treatment and year combinations by LSD (p<0.05). For
Herbicide n=40, and Year n=80.
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Figure 5. Interaction between canopy-disturbance/fire-season treatments, herbicide treatments, and
year for Small (>1.37 m tall, <2.54 cm DBH) Competitor stem density (stems ha-1 ) during an oak
woodland and savanna restoration experiment, 2011-2012, at Catoosa Wildlife Management Area,
Cumberland County, TN.

a

abc

ab
ab
abc (GrowL Spray)
bc (GrowH Spray)

c
c

1

1

DormH, dormant-season fire and high residual basal area (14 m2 ha-1); GrowH, growing-season fire and high residual basal area
(14 m2 ha-1); DormL, dormant-season fire and low residual basal area (7 m2 ha-1); and GrowL, growing-season fire and low
residual basal area (7 m2 ha-1). Spray (foliar application of Garlon 3A®) and No Spray (no herbicide application) treatments.
For Herbicide n=40, Year n=80, and Treatment n=10.
Letter groupings indicating significantly different groups by LSD (p<0.05) within the spray treatment. All No Spray treatment
significantly increased from 2011 to 2012. Full letter groupings by LSD (p<0.05) across all treatments and years as follows:
DormH Garlon 3A, 2011-gh, 2012-def, DormH None, 2011-gh, 2012-abcde, GrowH Garlon 3A, 2011-bcd, 2012-efg, GrowH
None, 2011-bcde, 2012-a, DormL Garlon 3A, 2011-gh, 2012-def, DormL None, 2011-gh, 2012-abc, GrowL Garlon 3A, 2011defg, 2012-defg, GrowL None, 2011-cdef, 2012-ab
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Appendix: Plant Species Encountered
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Table C.1 Common and scientific names of all herbaceous species encountered during an oak woodland
and savanna restoration experiment, 2008-2012, at Catoosa Wildlife Management Area, Cumberland
County, TN.
Common Name
Big bluestem
Broad looseflower sedge
Broomsedge
Brownish beaksedge
Crab grass
Cypress panic grass
Deer tongue
Drooping sedge
Emmon's sedge
Fuzzy poverty grass
Globe flat sedge
Grassleaf rush
Indian grass
James sedge
Johnson grass
Rush
Little bluestem
Louisiana sedge
Many flowered deertongue
Nash gaping grass
Needlegrass
Needleleaf rosette grass
Nepalese browntop
Openflower rosette grass
Panicum spp.
Path rush
Poverty grass
Poverty oat grass
Red top panic grass
Rosy sedge
Sedge
Sessileaf woodoats
Sideoats grama
Slender muhly
Slender whip nutrush

Scientific Name
Graminoids
Andropogon gerardii
Carex laxiflora
Andropogon virginicus
Rhynchospora capitellata
Digitaria spp.
Dichanthelium dichotomum
Dichanthelium spp.
Carex prasina
Carex albicans
Danthonia sericea
Cyperus echinatus
Juncus marginatus
Sorghastrum nutans
Carex jamesii
Sorghum halepense
Juncus spp.
Schizachyrium scoparium
Carex louisianica
Dichanthelium polyanthes
Steinchisma hians
Piptochaetium avenaceum
Dichanthelium aciculare
Microstegium vimineum**
Dichanthelium laxiflorum
Panicum spp.
Juncus tenuis
Danthonia spp.
Danthonia spicata
Panicum rigidulum
Carex rosea
Carex spp.
Chasmanthium sessiliflorum
Bouteloua curtipendula
Muhlenbergia tenuiflora
Scleria minor

** Non-native Invasive Species
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Table C.1 Continued.
Common Name
Slender woodland sedge
Slender woodoats
Slimleaf panic grass
Softstem bulrush
Starved panic grass
Swans sedge
Sweet vernal grass
Tall fescue
Variable panic grass
Velvet panicum
Whip nutrush
White edge sedge
White grass
Wool grass
Arrowleaf violet
Aster
Atlantic goldenrod
Bearded beggar ticks
Bowmans root
Bull thistle
Burnweed
Canada lettuce
Canada violet
Catchweed bedstraw
Common blue violet
Common cinquefoil
Common ragweed
Curtis milkwort
Daisy fleabane
Devils grandmother
Dodder
Dog fennel
Downy agrimony
Downy goldenrod

Scientific Name
Graminoids Continued
Carex digitalis
Chasmanthium laxum
Dichanthelium linearifolium
Schoenoplectus tabernaemontani
Dichanthelium depauperatum
Carex swanii
Anthoxanthum odoratum
Festuca arundinacea
Dichanthelium commutatum
Dichanthelium scoparium
Scleria triglomerata
Carex debilis
Leersia virginica
Scirpus cyperinus
Forbs
Viola sagittata
Aster spp.
Solidago arguta
Bidens aristosa
Porteranthus trifoliatus
Cirsium vulgare**
Erechtites hieraciifolia
Lactuca canadensis
Viola canadensis
Galium aparine
Viola sororia
Potentilla simplex
Ambrosia artemisiifolia
Polygala curtissii
Erigeron annuus
Elephantopus tomentosus
Cuscuta spp.
Eupatorium capillifolium
Agrimonia pubescens
Solidago puberula

** Non-native Invasive Species
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Table C.1 Continued.
Common Name
Downy lobelia
Downy skullcap
Dwarf cinquefoil
Dwarf st johnwort
Early goldenrod
Entireleaf yellow false foxglove
Fairy wand
Flowering spurge
Fragrant bedstraw
Galax
Hairy angelica
Hairy pinweed
Hairy skullcap
Hairy wood mint
Halberd violet
Hooked buttercup
Horse nettle
Horseweed
Hyssopleaf skullcap
Hyssopleaf thoroughwort
Indian tobacco
Lance leaf loosestrife
Lance leaf violet
Late flowering thoroughwort
Pinweed
Licorice bedstraw
Little brown jug
Loomis mountain mint
Lovage
Lyreleaf sage
Maryland golden aster
Maryland meadowbeauty
Miniature beefsteak plant
Mountain decumbent goldenrod
Narrow leaf white top aster

Scientific Name
Forbs Continued
Lobelia puberula
Scutellaria incana
Potentilla canadensis
Hypericum mutilum
Solidago juncea
Aureolaria laevigata
Chamaelirium luteum
Euphorbia corollata
Galium triflorum
Galax urceolata
Angelica venenosa
Lechea mucronata
Scutellaria elliptica
Blephilia hirsuta
Viola hastata
Ranunculus recurvatus
Solanum carolinense
Conyza canadensis
Scutellaria integrifolia
Eupatorium hyssopifolium
Lobelia inflata
Lysimachia lanceolata
Viola lanceolata
Eupatorium serotinum
Lechea spp.
Galium circaezans
Hexastylis arifolia
Pycnanthemum loomisii
Ligusticum canadense
Salvia lyrata
Chrysopsis mariana
Rhexia mariana
Mosla dianthera**
Solidago curtisii
Sericocarpus linifolius

** Non-native Invasive Species
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Table C.1 Continued.
Common Name
New jersey tea
Parasol whitetop
Partridge berry
Pasture rose
Plantainleaf pussytoes
Pokeweed
Rabbit tobacco
Rattlesnake weed
Reclining st andrews cross
Round leaved violet
Roundleaf thoroughwort
Smalls ragwort
Smooth solomon's seal
Soft golden aster
Goldenrod
Solomons plume
Southern prairie aster
Southern woodland violet
Spotted wintergreen
Steeple bush
Stiff haired sunflower
Sweet scented goldenrod
Tall ironweed
Tall meadow rue
Thymeleaf pinweed
Twisted stalk
Two-flowered cynthia
Upland dwarf violet iris
Upland spreading pogonia
Violet
Virginia threeseed mercury
Virginia water horehound
White heath aster
Whorled coreopsis
Whorled loosestrife

Scientific Name
Forbs Continued
Ceanothus americanus
Doellingeria umbellata
Mitchella repens
Rosa carolina
Antennaria plantaginifolia
Phytolacca americana
Gnaphalium obtusifolium
Hieracium venosum
Hypericum stragulum
Viola rotundifolia
Eupatorium rotundifolium
Packera anonyma
Polygonatum biflorum
Bradburia pilosa
Solidago spp.
Maianthemum racemosum
Eurybia hemispherica
Viola hirsutula
Chimaphila maculata
Spiraea tomentosa
Helianthus hirsutus
Solidago odora
Vernonia gigantea
Thalictrum pubescens
Lechea minor
Streptopus roseus
Krigia biflora
Iris verna
Cleistes bifaria
Viola spp.
Acalypha virginica
Lycopus virginicus
Aster pilosus
Coreopsis major
Lysimachia quadrifolia

** Non-native Invasive Species
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Table C.1 Continued.
Common Name
Wild strawberry
Wild yam
Wingstem
Woodland agrimony
Wreath goldenrod
Wrinkleleaf goldenrod
Yellow wood sorrel
Yellow woodland violet
Dollar leaf
Downy creeping bush clover
Hairy bush clover
Nakedleaf trefoil
Panicled trefoil
Partridge pea
Sampsons snakeroot
Sericea
Small-flowered partridge pea
Smooth creeping bush clover
Smooth tick trefoil
Yellow wild indigo
Bracken fern
Christmas fern
Cinnamon fern
Climbing fern
New york fern
Royal fern
Southern lady fern
Wood fern

Scientific Name
Forbs Continued
Fragaria virginiana
Dioscorea virginiana
Verbesina alternifolia
Agrimonia striata
Solidago caesia
Solidago rugosa
Oxalis grandis
Viola pubescens
Legumes
Desmodium rotundifolium
Lespedeza procumbens
Lespedeza hirta
Desmodium nudiflorum
Desmodium paniculatum
Chamaecrista fasciculata
Orbexilum pedunculatum
Lespedeza cuneata**
Chamaecrista nictitans
Lespedeza repens
Desmodium laevigatum
Baptisia tinctoria
Ferns
Pteridium aquilinum
Polystichum acrostichoides
Osmunda cinnamomea
Lygodium palmatum
Thelypteris noveboracensis
Osmunda regalis
Athyrium filix-femina
Dryopteris intermedia

** Non-native Invasive Species
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Table C.2 Common and scientific names of all woody and semi-woody species encountered during an
oak woodland and savanna restoration experiment, 2008-2012, at Catoosa Wildlife Management Area,
Cumberland County, TN.
Common Name
Black oak
Blackjack oak
Chestnut oak
Chinkapin oak
Northern red oak
Post oak
Scarlet oak
Southern red oak
White oak

Scientific Name
Oaks
Quercus velutina
Quercus marilandica
Quercus montana
Quercus muehlenbergii
Quercus rubra
Quercus stellata
Quercus coccinea
Quercus falcata
Quercus alba
Oak Competitors

Red maple
Sugar maple
Sweetgum
Yellow poplar
American basswood
American beech
American chestnut
American holly
American hornbeam
Big toothed aspen
Bigleaf magnolia
Bitternut hickory
Black cherry
Black locust
Black walnut
Blackgum
Butternut
Cucumber magnolia
Downy serviceberry
Eastern hemlock
Eastern hophornbeam
Eastern red cedar
Eastern redbud
Eastern wahoo
Eastern white pine

Acer rubrum
Acer saccharum
Liquidambar styraciflua
Liriodendron tulipifera
Other Tree Species
Tilia americana
Fagus grandifolia
Castanea dentata
Ilex opaca
Carpinus caroliniana
Populus grandidentata
Magnolia macrophylla
Carya cordiformis
Prunus serotina
Robinia pseudoacacia
Juglans nigra
Nyssa sylvatica
Juglans cinerea
Magnolia acuminata
Amelanchier arborea
Tsuga canadensis
Ostrya virginiana
Juniperus virginiana
Cercis canadensis
Euonymus atropurpureus
Pinus strobus

** Non-native Invasive Species
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Table C.2 Continued.
Common Name
Flowering dogwood
Fraser magnolia
Green ash
Hickory
Loblolly pine
Mockernut hickory
Pawpaw
Persimmon
Pignut hickory
Sassafras
Shagbark hickory
Shellbark hickory
Shortleaf pine
Sourwood
Sweet birch
Tree of heaven
Umbrella magnolia
Virginia pine
White ash
Winged elm

Scientific Name
Other Tree Species Continued
Cornus florida
Magnolia fraseri
Fraxinus pennsylvanica
Carya spp.
Pinus taeda
Carya tomentosa
Asimina triloba
Diospyros virginiana
Carya glabra
Sassafras albidum
Carya ovata
Carya laciniosa
Pinus echinata
Oxydendron arboreum
Betula lenta
Ailanthus altissima**
Magnolia tripetala
Pinus virginiana
Fraxinus americana
Ulmus alata
Vines and Shrubs

Allegheny chinkapin
American bittersweet
Arrow wood
Carolina silverbell
Cat greenbrier
Hawthorne
Crossvine
Deerberry
Devils walking stick
Dodder
Dotted hawthorn
Elderberry
Farkleberry
Flame azalea

Castanea pumila
Celastrus scandens
Viburnum dentatum
Halesia tetraptera
Smilax glauca
Crataegus spp.
Bignonia capreolata
Vaccinium stamineum
Aralia spinosa
Cuscuta spp.
Crataegous punctata
Sambucus canadensis
Vaccinium arboreum
Rhododendron spp.

** Non-native Invasive Species
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Table C.2 Continued.
Common Name
Japanese honeysuckle
Lowbush blueberry
Mapleleaf viburnum
Mountain camellia
Mountain holly
Mountain laurel
Multiflora rose
Muscadine vine
Poison ivy
Roundleaf greenbrier
Bristly greenbrier
Spicebush
Strawberry bush
Summer grape
Virginia creeper
Wild potato vine
Winged sumac
Black raspberry
Northern dewberry
Southern blackberry
Swamp dewberry

Scientific Name
Vines and Shrubs Continued
Lonicera japonica**
Vaccinium pallidum
Viburnum acerifolium
Stewartia ovata
Ilex ambigua
Kalmia latifolia
Rosa multiflora**
Vitis rotundifolia
Toxicodendron radicans
Smilax rotundifolia
Smilax tamnoides
Lindera benzoin
Euonymus americanus
Vitis aestivalis
Parthenocissus quinquefolia
Ipomoea pandurata
Rhus copallinum
Brambles
Rubus occidentalis
Rubus flagellaris
Rubus argutus
Rubus hispidus

** Non-native Invasive Species
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